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2 The Metallographist 

I. Preparation of the Polished Surface 

This operation may be further divided into three parts : — 

1. Cutting of the section. 

2. Filing and grinding. 

3. Polishing. 

I. Cutting of the Section. — Bulky samples, such as 
pieces of rails, pigs of cast iron, etc., should be sent to the lab- 
oratory in small fragments. The attempt should not be made to 
machine in the laboratory samples weighing more than one kil- 
ogram, otherwise the loss of time will be considerable. The 
dimensions of the final sample to be subjected to examination 
should be in the neighborhood of ten millimeters. 

The cutting of these small samples may be accomplished 
very satisfactorily by means of a hack saw, in the case of all 
metals whose hardness does not exceed that of unhardened steel. 



Fig. I. 

that is in the case of nearly all metallic alloys. So-called Amer- 
ican blades, one millimeter thick, give very good results. A 
certain experience in holding the saw is, however, necessary, to 
avoid a rapid destruction of the blade. The saw should be held 
in such a way that the metal will first be attacked at the center 
of the mass, never near the outside surfaces. The cut made 
by the saw (Fig. i) is then curved; the blade, being held hori- 
zontally, is in contact with the central part which is first at- 
tacked; as the saw is pushed forward, it is inclined more and 
more, until it comes in contact with the edge of the sample ; it is 
then again placed in a horizontal position, thus coming in con- 
tact once more with the central part, and, while being drawn, 
is inclined more and more in the opposite direction until it comes 
in contact with the other edge of the sample. 

In the case of hard and brittle metals, such as white cast 
iron, the easiest way is to use a hammer to obtain the desired 
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^ Effect of Annealing upon Low Carbon Steel 35 

forms, then more rapidly, until at 1000 ** they become irregular 
and tend to lengthen into groups of juxtaposed bands. The 
pearlite generally remains exterior to the arrangement of ferrite, 
and stratifies in seams." 

The most important articles on this subject that have yet 
appeared have been by Mr. J. E. Stead.* His first paper on 
" The Crystalline Structure of Iron and Steel " revolutionized 
our ideas upon the effect of heat treatment on soft steels and 
showed that they followed laws of structure which so far have 
not been found to apply to carbon steels. Among the conclu- 
sions that Mr. Stead draws, we have selected the following, 
which have a bearing on the present work : 

1 . Granules and crystals should not be confused, for although 
a granule is built up of crystals, its external form is not crystalline, 
as it takes its shape from its surroundings. It is an allotrimorphic 
crystal, or more simply, a grain. 

2. Grains formed in the solidification of liquid metals are 
large or small according to whether the freezing is rapid or slow, 
and they take their form from their surroundings, and this is 
most irregular, owing to natural interference. 

3. In carbonless pure irons or steels of fine grain produced 
by either forging or certain heat treatment the grains increase in 
size, slowly at 500° C, and more rapidly at between 650° to 750°, 
and it is possible, by heating at about 700° for a few hours, to 
develop granular masses of exceeding coarseness. At 900° the 
granules again become small, and heating to 1200° apparently 
does not change them. 

4. Granules in carbon steels 0.20 per cent to 1.20 per cent 
carbon do not grow in size by long continued heating at 700°, 
but they increase in size slowly at first, and then more rapidly with 
each increment of temperature above 750° C, the change point 
varying with the carbon. When, however, coarsely granulated 
steel is reheated again a little above 700° to 750°, the coarse 
structure vanishes. 

5. In steels of from o.io per cent to 0.15 per cent carbon 
containing the pearlite in widely separated areas, on heating and 
quenching from about 750° the large ferrite grains are not broken 
up, and the carbon apparently does not expand or diffuse beyond 

♦ Bulletin de la Society d^ Encouragement pour V Industrie Natio- 
^BaU (5) 10, 476. 
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he investigated the effect upon the tensile strength and magnetic 
properties of a steel containing about o.io per cent carbon when 
slowly cooled, and when quenched from various temperatures. 
The steel shows three critical points, one at 660°, another at 900°, 
and a third at 1200°, at which latter point the magnetic and phys- 
ical properties reach a maximum. 

Recently Roberts-Austen* has published a cooling curve of 
electrolytic iron which shows an evolution of heat at a tempera- 
ture of 1132°, and this he identifies with the point of maximum 
tenacfty observed by Ball. This upper critical point coincides 
fairly closely with the second point of maximum tenacity ob- 
served in the present series of experiments. 



Experimental 

The material which was used for these experiments was a low 
carbon, acid Bessemer steel of a commercial grade, and was 
kindly furnished by the National Tube Company, of McKees- 
port, Pennsylvania. It represents the average material of this 
grade turned out by the company for the manufacture of pipes 
and tubes. 

The chemical analysis was as follows : 

C = 0.07. 8 = 0.058. Pt = o.io. Mn = 0.32. Oxides = 0.25. 

The carbon and manganese were determined by colorimetric 
methods. 

The heat treatment in the mill was approximately as follows : 
The ingots were subjected, in the soaking pits, to a temperature 
of 1000° to 1200°. They entered the roughing train at probably 
over 1000°, and the mechanical work was continued to a full red 
heat. The specimens, thirty in number, were all cut from plates 
rolled from the lower two-thirds of the same ingot, and came in 
the shape of bars 18 inches long, i^ to 2^ inches wide, and }i 
inch in thickness. The edges were planed. In order to heat 
the specimens uniformly and to a temperature which could be 
accurately measured, the usual forms of furnaces were found in- 

* The Metallographist, No. II, 186. 

t Although high, the phosphorus seems to have had no effect on the 
size of the grain. 
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it was still at a temperature of 80° to 100°, was removed. All 
the bars except Nos. 23 to 2y inclusive were allowed to cool in 
the furnace. The latter bars were removed from the furnace 
just after reaching the maximum temperature and thrown into 
a box of sand and allowed to cool naturally, reaching the atmos- 
pheric temperature in a couple of hours. The furnace was so 
well protected from radiation that the specimens which were 
allowed to remain in the furnace were cooled extremely slowly. 

The bars, after the heat treatment, were machined for a 
space of about J2 inches in the middle of the bar to remove the 
scale and allow an accurate measurement of the cross section of 
the specimen. After measuring the cross section, the bars were 
marked for the elongation in 5 inches, and broken in a testing 
machine. 

The testing machine used was a 50-ton Olsen arranged to be 
run by an electric motor. With the motor running at a constant 
rate the load rose rapidly at first, and then slowed up suddenly 
as shown by a drop of the beam. The stress at which this oc- 
curred was taken as the elastic limit, though its accuracy is prob- 
ably questionable to the extent of 1000 pounds. After the elastic 
limit was passed, the piece began to elongate more rapidly and 
the load to rise more slowly up to a maximum stress, beyond 
which the piece began to draw down under a diminishing load. 
The maximum load was recorded as the ultimate strength of the 
material. As the piece drew down, two lines of greatest stress, 
forming a St. Andrew's cross, showed themselves by faint de- 
pressions across the bar. These depressions enlarged until the 
fracture occurred, beginning at the center and extending to the 
sides. This mode of fracture, which was characteristic of all 
the specimens, was beautifully shown by specimen No. 10, with 
which the machine was stopped just after the middle had parted 
and before the break had reached the edges. The fractured bars 
were placed end to end, and the elongation was measured and 
recorded. Owing, however, to the way in which the bars parted, 
the ends could not be placed in perfect contact, and there is con- 
sequently some uncertainty in the accuracy of the percentage of 
elongation. 

From the facts obtained in the above described manner the 
following data were calculated: 
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1. Temperature from which annealed. 

2. Maximum load, pounds per square inch. 

3. Elastic limit, pounds per square inch. 

4. Elongation, per cent of in 5 inches. 

The tabulated results are given in the table, and are shown 
graphically in Fig. 4. 

The specimens for microscopic examination were cut from the 
ends of the fractured bars and numbered with the serial number. 



Tf mperalure centlgrede. 
Fig. 4. — Curves of Tensile Strength and Elastic Limit. 

A section, the thickness and width of the bar and one inch long, 
was sawed from a point 3 inches from the end of the bar. This 
was in order to secure uniformity of heating and at the same 
time be sure that the section had not been distorted by the stress 
during pulling. 

The small block so cut was then planed and filed down one- 
sixteenth of an inch on the flat surface to remove all surface in- 
juries. The specimen was then bevelled on the upper edges and 
ground on three grades of emery cloth, Nos. 80, 100, and 120, 
and four grades of " Rupert's " French emery paper, Nos. 10, 
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even distribution of the pearlite was quite noticeable even to the 
naked eye, the block presenting a banded or moire appearance. 
Under the microscope the carbon was seen to be highly segre- 
gated, some areas being thickly strewn with the pearlite, while 
others showed only scattered particles. 

When the polished specimens had been examined they were 
etched. The best results were obtained by immersing one end 
of the specimen in 10 per cent nitric acid for 30 seconds, and 
washing first with running water and then with alcohol. The 
surface was dried by warming gently. The etched specimens 
showed very clearly the granular structure of the steel, the joints 
between the grains being well developed^ It is well known that 
erroneous results are likely to follow the use of nitric acid as an 
etching medium, but after trying many other agents with indif- 
ferent success it was decided to use nitric acid uniformly through- 
out the series. 

The microscope used was one made by Reichert, of Vienna, 
especially for metal lographic work. It was fitted with an ad- 
justable mechanical stage, vertical illuminator, and iris dia- 
phragm. The field was illuminated by means of a 16 C. P. in- 
candescent lamp placed 18 inches from the microscop)e. A 3-inch 
buirs-eye condenser was interposed between the two. 

After the preliminary examination the specimens were photo- 
graphed. The camera for this purpose was the vertical type and 
was used with the eye-piece in the microscope just as for eye 
examination. The ground glass screen was provided with a 
small circle of clear glass in the center, and the microscope was 
focussed by placing a low-power eye-piece, with the ocular lens 
removed, upon it, and focussing its smaller field. The exposure 
varied from 20 to 25 minutes. The photographs were taken at 
84 diameters and are reproduced at 73 diameters. 

Discussion of Results 

After the specimens had been heated they were, as a rule, 
covered with a greater or less amount of scale. Those heated 
to below 750° had a thin powdery coating of red oxide upon 
them, readily removable with the finger. The specimens heated 
to above 750° had a coating of black magnetic oxide varying in 
thickness from the thinnest possible film at 800** to a thirty- 
second of an inch at 1200**. 
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The machining of the specimens gave no indication of the 
temperature to which they had been heated; even the 1247° spec- 
imens were apparently uninjured. Tlie first difference in be- 
havior was noted when the tensile tests were made. The speci- 
mens heated to below 1200° pulled in a perfectly normal manner, 
having a high elastic limit and ultimate strength, and, when 
finally breaking, showing- a smooth face and fibrous structure. 
The two specimens heated to 1247° behaved differently. The 
elastic limit was decidedly lowered, to 21,170 pounds in the case 
of the slowly cooled bar. When the elastic limit was passed, 
however, the bars held out remarkably well, the slowly cooled bar 
breaking at 53,280 pounds and the rapidly cooled bar at 58,100 
pounds per square inch. After fracture had occurred it was seen 
that the surface of these two bars had roughened, having the 
appearance of a piece of putty when pulled apart. This was 
much more noticeable, in the case of both bars, upon one side 
than upon the other, and as the two bars were heated in the 
furnace together it may be that the rougher sides were more ex- 
posed to oxidizing gases than the other sides which were in con- 
tact with each other. To settle this point will require further 
experimental work. The fractured areas of these two bars 
showed some l:)right crystalline spots resembling the grain of 
overheated carbon steel. 

The results of the tensile tests as shown by the table and the 
curves plotted from it seem to indicate : 

1. That there is a fair degree of constancy in the tenacity 
of the bars heated to below 850'' with possibly a slight falling off 
between 800° and 850°. 

2. That at 890'' there is a sudden rise in the tensile strength 
from 56,790 pounds to 59,120 pounds per square inch. 

• .3. That beginning at 900° there is a slight falling off reach- 
ing a minimum of 56,690 pounds at 1000°, from which point it 
rises again. 

4. That at 1125° the strength reaches a second maximum of 
59,000 pounds. 

5. That from 1143° there is a very decided falling off in the 
strength, reaching 53,280 ])ounds at 1247°, beyond which point 
the experiments were not carried. 

The concordance of the results obtained is seen to be quite 
good, most of the observations lying within 500 pounds of the 
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facts new to science to report; nevertheless, it was thought 
advisable to publish the details of the experiments performed and 
results obtained up to date, in order that they might be subjected 
to criticism in the hope of producing suggestions for future 
work; and also to give anjr one who desired to do so an oppor- 
tunity of repeating the work, with a view to confirmation or 
otherwise, as it is of the utmost importance that the results should 
be verified, by a number of investigators working independently, 
before it is possible to establish with certainty the particular con- 
ditions under which one must work in order to obtain the best 
possible results from annealing steel. It is also very desirable 
that any interpretation of the results to which exception might be 
taken should be discussed and inquired into at the present early 
stage of the investigation. 

The author has made many repetitions of the experiments 
described in the last paper under series i, on soft steel containing 
between .16 and .20 per cent of carbon, and has made microscop- 
ical examinations and bending tests of the samples after treat- 
ment; but, so far, has been unable to obtain results differing to 
any appreciable extent from those previously published. 

As it was not possible to give the results of bending tests 
in the paper read last year, it was considered advisable to include 
in the present paper the results of a number of experiments which 
have since been made on round steel bars of similar composition 
and of the same dimensions as those used in series No. i. The 
results are given below of bending tests and microstructure of 
steel after various treatment of the following composition : 
Carbon (by combustion) . . 0.174 per cent 

Silicon 0075 

Sulphur 0.033 

Phosphorus ooS7 

Manganese 0.560 

Arsenic 0.036 

The bars used were 1.25 inches diameter, 15 inches long, and 
weighed about 5J4 pounds. 

The times taken to heat up and to cool down to 550** C, as 
suggested by Mr. Stead, have been noted and are also given. 

No. 51. — Heated to 84o'*-86o'* C. for half an hour, and 
allowed to cool in the closed furnace. Time taken to heat up 
thirteen minutes, and to cool to 550° C. sixty-nine minutes. 
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structure to be rather coarse and inclined to be cnrstaiiinc. 
Coarser than No. 51. 

Xo. 58. — Heated for six and a half hours at about 730'' C. 
and allowed to cool in the air. Heating up took fourteen min- 
utes. Time of cooling was not noted. 

Structure very crystalline, and carbide has apparently sep- 
arated into masses. Bar broke after bending through 150 degrees 
with crystalline fracture. 

No. 59. — Heated at 9 10'' -940^ C. for two hours and five 
minutes, covered with ashes to cool. Time of heating to 910'' C. 
twenty-one minutes. Cooled to 550" C. in fifty-four minutes. 

Bent double and cracked. 

Microstmcture very coarse and cr>-stalline, but not so much 
as No. 58. Coarser than No. 54. 

No. 60. — Heated for two hours at 750"* C, then allowed to 
cool in closed furnace till below Ar^. Again heated for two 
hours at 750"* C. and covered with sand to cool. Took twenty- 
two minutes to heat up the first time, and cooled in furnace to 
650 "^ C. in fifty-nine minutes, reheated to 750" C. in seven min- 
utes, cooled to below Xr^^ in sixty minutes. 

Bent test exactly the same as in the cases of No. 55 and 
No. 56. Hammering began to flatten the bars : not the slightest 
sign of crack appeared. 

Microstmcture very fine. Ferrite meshes not quite as fine 
as in 55 and 56. Heating was probably too long. 

No. 61. — Heated for about two hours at 950'' C. Allowed 
to cool in air. Heating up occupied seventeen minutes, and cool- 
ing to 600"* C. took thirteen minutes. 

Structure coarse and crystalline. Bent about double and 
then broke in two places. 

No. 62. — Steel as rolled. 

Bent close double and showed signs of cracking. 

Microstmcture fairly coarse and granular, but not as coarse 
as 54, 57, and 59. 

No. 63. — Heated to 850 ''-900*' C. for four hours, cooled in 
air. Heated up in sixteen minutes. Cooled to 550** C. in eighteen 
minutes. 

Bent through only about forty-five degrees, and broke with 
a very crystalline fracture. 

Microstmcture very coarse, with large ferrite crystals. 
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The structure is very fine. Ferrite meshes very small and* 
intimately mixed with the pearlite. 

No. 68. — Heated rather slowly to 840 ''-870** C. for one 
hour and thirty-five minutes, and slowly cooled in sand. Heat- 
ing to 850** C. took thirty-four minutes. Cooling in sand tO' 
550° C. took sixty-two minutes. 

Test bar bent double and then snapped with a crystalline 
fracture. 

Microstructure coarse and crystalline, more so than in the 
case of untreated steel No. 66. The heating was too long and 
at too high a temperature. Probably also too slow. 

No. 69. — Heated fairly rapidly to 840°-86o° C. for forty 
minutes, slowly cooled in closed furnace. Heating to 850® C. 
took twenty minutes, and cooled to 550° C. in one hour and 
eighteen minutes. 

Structure appears fairly fine, but under a magnification of 
150 diameters is distinctly crystalline. 

Test bar bent double, but started to crack after two or three 
blows from hammer. 

No. 70. — Heated to 840° C. for about twenty minutes. 
Cooled in sand. Took tweenty-three minutes to heat up, and 
sixty-eight minutes to cool to 550° C. 

Bent close double. 

Structure coarser than No. 69, but not as crystalline. 

No. 71. — Heated for one hour at 76o°-790° C. and slowly 
cooled in sand. Heating took twenty-eight minutes, and cooling^ 
to 550* C. sixty-one minutes. 

Bent close double, no signs of cracking after hammering. 

Microstructure pretty fine, but not as fine as 67. 

No. 72. — Heated very slowly to 740*'-78o° C. and kept at 
that temperature for an hour and five minutes, and slowly cooled. 
Took an hour and fifty-six minutes to heat to 750° C, and an 
hour and twenty-four minutes to cool to 550** C. 

Bent double and cracked. 

Structure coarse and crystalline, and somewhat resembling 
that of No. 66, but crystals scarcely as large. 

No. 73. — Heated fairly quickly to 750^-780'* C. for half an 
hour, slowly cooled in sand. Heated up in twenty minutes and 
cooled in fifty-eight minutes to 550** C. 

Bent quite close double. 
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cjqxct to obtain owing to the difference between the rates of 
cooling of the outside and center. 

In the above series of experiments two pieces of equal size 
were in all cases treated together. One piece was used for bend- 
ing tests, the other, after sawing off the section for microscopical 
examination, was turned down to ^ inch diameter for a length 
of six inches and tested for tensile strain and elongation. The 
results of tensile tests are shown in Table I, and it will be seen 
that they are in accordance with what might be expected from 
the microscopical examination. 

The sections for micro examinations were etched with nitric 
acid and photographed at a magnification of fifty diameters by 
vertical light. An objective having a focal length of 22 mm. 
and an angular aperture oi i^"^ was used in conjunction with a 
Zeiss Xo. 5 projection eye-piece. 

The etching was done by the method suggested by Mr. Sau- 
veur, which consists of plunging the section in concentrated 
nitric acid of specific gravity 142 when the steel assumes the 
passive state; the piece is then washed imder the tap in a good 
stream of water. The process can of course be repeated, and 
thus any desired depth of etching can be obtained. The author 
finds this method to give most excellent results. 

Another set of six bars of still larger diameter, of a similar 
steel to the last, were treated at various temperatures as described 
below. 

The steel had the following composition: 

Carbon (by combustion) 0.167 

Silicon 0-075 

Sulphur 0.041 

Phosphorus 0-055 

Manganese 0.460 

Arsenic 0.037 

The bars were 2^ inches diameter, 2 feet 3 inches long, and 
weighed about 45^^ poimds. 

No. 79. — Steel as rolled. 

Bent double and just started to crack. Microstructtu-e very 
coarse, with ferrite in large crystals. 

No. 80. — Heated rapidly in billet-heating furnace to 950** C. 
for ten minutes, and slowly cooled by covering with ashes. Time 
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at a magnification of fifty diameters by vertical light exactly as 
in the previous set. Tests for tensile strain and elongation were 
not made owing to the cost and labor of preparing test pieces 
from such large bars. 

It appears from the above experiments that in annealing soft 
steel of from .16 to .20 per cent of carbon in bars of medium 
weight and round sections there are fairly wide limits of tem- 
perature to which the steel may be heated to give a fine grained 
microstructure, low tensile and ductility ; provided that attention 
is paid to the rate of heating to, and to the length of time which 
the steel is kept at the particular temperature; and also to the 
rate of cooling of the piece to below the critical range Ar^ or the 
V on the scale of Brinnel. 

The experiments on steel of similar composition to that used 
in Series II of the previous paper have been repeated, and some 
of the results are given below. 

Five pieces of ij4 inches diameter round bars of the same 
steel as No. 2 of last year's paper were treated as under : 

The analysis of the steel was : 

Carbon (by color) 0.360 

Silicon 0.075 

Sulphur 0.038 

Phosphorus 0.039 

Manganese 0.752 

Arsenic . . . . . . ■ . . . . Not estimated. 

The bars were 2 feet long and weighed about 12^ pounds 
each. 

No. 27. — Heated td 7<X)*'-720° C. for half an hour and 
slowly cooled in ashes. Took twenty-one minutes to iieat up, 
and cooled to 550° C. in fifty-four minutes. 

Bent close double. 

Fine microstructure, ferrite in small meshes. Examination 
under a high power showed pearlitefo be finely striated. 

No. 28. — Heated for two hours at 730^-760^ C, cooled in 
furnace to 550** C, and reheated for an hour and forty minutes 
at 730*'~76o*' C, and cooled in furnace. Took twenty-three min- 
utes to heat to 750** C, and cooled to 550° C. in one hour ten 
minutes,, reheated in nine minutes to 750** C, c€>Qled the second 
time to 550® C. in an hour and a quarter. 

Bent neariy double, and broke. 
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The bars were iVi« inches diameter, 12 inches long, and 
weighed about 5 pounds each. The results of tests for tensile 
strains and elongation are given in Table III. 

^'o. 37. — Normal steel as rolled. Cracked after bending 
nearly double. Microstructure rather coarse, with fair-sized 
ferrite grains. 

No. 38. — Heated to 700'' C. for twenty-five minutes and 
slowly cooled in sand. Took twenty minutes to heat up. Cool- 
ing to 550^ C. took forty-three minutes. 

Bent close double. 

Microstructure very fine. Ferrite in small meshes. Pearlite 
finely striated. 

Xo. 39. — Heated to 650^-670" C. for forty minutes, cooled 
in funiace outriq;^ht. reheated to the same temperature for a sim- 
ilar length of time, and finally cooled in sand. Heating first 
time took thirteen minutes: cooling to 350" C. about one and a 
quarter hours. Second heating to 650 ~ C. took seventeen min- 
utes, and cooling in sand to 550° C. fifty-two minutes. 

Bent close double. 

Microstructure very fine, and similar to that of No. 38. 

No. 40. — Heated to 800° C. for half an hour, and slowly 
cooled in sand. Heated up in twenty-one minutes; cooled to 
560** C. in forty-seven minutes. 

Bent close double. 

Structure rather coarser, with ferrite in larger meshes than 
in the cases of Nos. 38 and 39 : but not as coarse as that of No. 37. 



Table HI. — Showing results of tests for breaking strain and 
elongation of steel containing 0.313 per cent of carbon an- 
nealed in various ways. 



No. 


Size of 


Sample 


37 


75odiani.' 


38 


750 '• 


39 


750 ** 


40 


750 " 


41 


750 ** 


42 


750 '* 


43 


750 ** 



Breaking 
Strain. Tons 
per sq 



in. 



Elongation 
per cent, 
3 inches. 



Elastic 

Limit. Tons 

per sq. in. 



352 
34*4 
341 
35*2 
35*2 

35*5 
350 



300 
320 
310 

31*0 
32*0 

293 
305 



I 



19*9 
199 

19-8 

20X> 
217 
187 

i8*3 



Contraction 

of area, 

per cent. 



54*8 
55-6 
56-6 

55-6 
572 

51-9 
52*1 
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for a quarter of an hour. Took twenty-six minutes to teat up, 
and cooled in sand to 580* C. in sixty-four minutes. 

Bar broke with a crystalline fracture after bending through 

The structure is coarse, and ferrite meshes fairly large, al- 
though it appears to be rather more broken up than in the case 
of normal steel. 

No. 91. — 'Heated to a temperature of 7oo*'-740° C. and 
held there for one and a half hours, and then slowly cooled in 
sand. The samples took twenty minutes to heat up to 720° C, 
and the time taken in cooling to 600° C. was fifty-four minutes. 

After bending through about 150** the bar broke with a fairly 
good looking fracture. The microstructure is moderately fine 
with ferrite pretty well broken up, although the grains are not 
very uniform in size. 

No. 92. — Heated very slowly to a temperature of 720® C, 
held there for twenty minutes, and then cooled in ashes. Time 
taken in heating up one hour and thirty-five minutes, and time 
taken in cooling to 550° C. sixty minutes. 

This bar gave a very good test, as it was not tmtil it had 
bent double that it showed signs of cracking. 

The structure is fine grained, and the ferrite meshes on the 
whole are small, although here and there larger patches of ferrite 
are shown in the photograph, but were much more plainly seen 
under the microscope. 

No. 93. — Heated moderately quickly to 62o°-65o*' C for 
fifty- five minutes, and slowly cooled by covering with sand. 
Heating to 630 '^ C. took twenty minutes, and cooling in sand ta 
550** C. occupied sixty-one minutes. 

Bent test gave excellent result, bending quite close double 
without cracking. 

The microstructure very fine, with minute ferrite grains. 
Under a magnification of 500 diameters the section prepared by 
polishing and straining on parchment with liquorice infusion 
showed a magnificently colored pearlite structure. 

No. 94. — Heated rather quickly to 660** C. for about five 
minutes, and allowed to cool slowly in sand. Heating occupied 
fifteen minutes, and cooling to 550** C. sixty-three minutes. 

The bar broke after bending through 135**. The structure 
is coarse, with ferrite in large meshes, and is very similar to the 



TO 



The Metallographist 



Arnold was based upon the results of subjecting a number, of 
steels whose carbon content varied between 0.08 and 1.47 per cent 
to exactly the same treatment, which consisted of heating in quick- 
lime in a covered cast-iron box to a temperature of 1000® C. for 
a period of 72 hours, afterwards allowing them to cool in a closed 
furnace for 100 hours — a method involving both a prolonged 
heating and a heating to an excessive temperature, either of which 
(as has been shown by Mr. Stead, Mr. Sauveur, Mr. Ridsdale, 
the author, and others) will produce a coarsely crystalline or 
granulated structure. It is therefore not to be wondered at that 
Professor Arnold obtained larger ferrite crystals or grains in 
steel after such treatment than it possessed before. The ductility, 
moreover, of Professor Arnold's samples was not increased by 
the treatment,, as shown by the tests which he gave in his paper, 
some of which are quoted below : 

Bars in normal state. 
Test bars 2 inches parallel by .564 inch diameter. 



Steel 
No. 


Carbon 


Elastic limit 


Maximum 
stress 


Elongation 


Reduc. of 
area 


2 


•21 
•38 


17-08 
17*95 


2539 
2994 


42-1 
34*5 


67-8 
563 



Bars after annealing. 



2 



•21 
•38 



9*02 

9*55 



21-25 
25*02 



42.3 
35*5 



657 
506 



It will be seen that the material was very much softened by 
the treatment ; but the ductility was not increased. The per cent 
of elongation was only .2 and .5 respectively higher, whilst the 
contraction of areas was reduced 2.1 and 5.7 per cent. 

Of course, as it is now five years since the paper was written 
containing the above-quoted statements. Professor Arnold may 
have changed his opinions during that time ; but, as the author is 
not aware of any occasion on which the Professor has made a 
statement to that effect, he thought it as well to point out that he 
considers it very misleading to make dogmatic statements as to 
the effect of annealing, on all grades of steel, upon the results 
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sa-tntly ki a. very general way, and refrains from' making dog- 
matic statements as to how any particular grade of steel should 
be " annealed." 

Soft steel, such as is used for constructional purposes, and 
containing about 0.20 per cent, of carbon, appears to possess im- 
proved ductility, with finer grain, after being heated to tempera- 
tures between 730** C. and about 850** C. for periods of time vary- 
ing according to the temperature to which it is raised. If the 
higher temperature is selected, the pieces must be held there for 
only a very short time ; but the author is strongly of opinion that 
it is unsafe to heat to a higher temperature than about 800**- 
820** C. That the piece be heated as rapidly as possible seems 
to be an essential condition for obtaining a fine-grained micro- 
structure. The author has obtained the most satisfactory results 
by heating rapidly to about 750** C. for a moderate time, and sub- 
sequently slowly cooling through the critical range A;^, oc the 
V of Brinell, the point at which the^transformation from harden- 
ing to cement carbon takes place. The cooling should be pretty 
rapid until Ar^ is reached (which is between about 7io**-640*' C. 
for soft steel), but should then be as slow as possible, that the 
transformation of carbon may be complete. 

The metal should then possess its maximum amount of duc- 
tility, accompanied by fine micro-grain, and be in the most suitable 
condition to withstand sudden shock. In the case of very soft 
steel containing, say, o.io per cent of carbon, the author has 
found that a single heating to A^i, or the W of Brinell, does not 
always suffice to completely convert the hardening to cement car- 
bon, and that a second heating to a temperature exceeding V is 
necessary to give the finest possible grain structure. 

Heating to a temperature not exceeding Kr^y or V, does not 
produce a fine-grained microstructure ; but a prolonged heating 
at the temperature Ar^, or V, will affect the complete transforma- 
tion of the hardening to cement carbon, with practically no altera- 
tion in the size of the grains. This is true of all steels, excepting 
very soft steels and practically carbonless iron, which may (as 
Mr. Stead has shown), on prolonged heating between 600** C. 
and 700® C, develop a very coarsely crystalline structure, and 
produce great brittleness of the metal. 

There are some metallurgists who hold the opinion that steel, 
after heating to a temperature not exceeding V, possesses a finer 
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the steel, and therefore is unable to exert any great effect on its- 
physical properties. 

Heating carbon steels for a lengthened period does, however,, 
in some cases cause segregation of the carbon towards the center 
of the mass. 

The investigation is being continued by the author, who will 
present the results to this Society at a future time. But a great 
deal yet remains to be done ; it is only the very fringe of the sub- 
ject which has so far been approached, but what little has beett 
accomplished points to the fact that the process of annealing re- 
quires to be carried out with much more care and intelligence 
than has hitherto been considered necessary. It is hoped that, 
incomplete as the present paper is, it may be the means of in- 
ducing some of the other members to study the subject from- 
various aspects, and to give the results of their investigations 
before the Institute. 

In conclusion, the author must acknowledge the assistance 
which he has received from several gentlemen in carrying out 
the investigation, especially his colleague, Mr. J. D. Evans, who- 
has superintended the mechanical testing of a large number of 
the samples. 



The Kennedy-Morrison Bail Finishing Process.* — For stv- 
eral years past there has been considerable agitation among rail- 
road and inspecting engineers, who claim that the wearing qual- 
ities of the rails furnished them 12 or 15 years ago were very 
much superior to those of the rails they are getting at the present 
time, and they have been insisting upon the manufacturers giving 
them a better wearing rail. In the attempt to accomplish this the 
makers have increased the contents of carbon and other harden- 
ing elements to as great an extent as they have thought could 
be done with safety. It is well known that more attention is 
being given to the chemical and metallurgical branches of rail 
making than ever before, and the analyses of rails made to-day 
are more uniform and better than they were a number of years 
ago. Notwithstanding the improvements in this direction, the 

* The Iron Age, Dec. 20, 1900. 

The photomicrographs illustrating this article are reproduced here 
through the courtesy of The Iron Age, 
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TcspooBalt}^ ior the matmiactnre or tse of stcd ixik dxMdd 
reaHse that «ted i^ not the homogCTtcicms m&aB it is o&en np- 
posed to be. btct possesses a rmnpW fitmctnre. The aatore of 
this strtictxire w-ill var}* greaih' ift4th the mechankal and lAxsmal 
tneatment to which the metal has been subjected. The fhrralwlity 
of the rail depenxis in no small measm^ on its gtrnmrre^ nAich 
may, if the specimens of steel have been snitably prqared, be 
revealed by the microscope. The peculiar stmcmre of Ae St. 
Neots rail, for instance, can be exactly imitated. 

^^^ C. Unwin, with the assistance of Sir Benjamin Baker 
and \\'. Kennedy, prepared a memorandum re\'ie^Tng from the 
mechanical point of view the information before the Committee. 
In this memorandum the following conclusions are arrived at: 
a. Thft preponderance of fractures near the ends of rails seems 
to show thai the greater straining action due to discontinuity at 
the joint is a contributing cause of fracture, and this can be 
remedied by adopting rails of sufficient strength with webs of 
ample thickness and secure types of fastening, and by care that 
no looseness arises in service. The fact that worn rails are im- 
proved in strength and ductility by annealing proves that part 
of the deterioration of rails in service is of the nature of what is 
sometimes termed ** fatigue." It appears certain that in some 
cases fractures of rails have been due to fissures formed during 
service. How far the very minute transverse fissures, ver^- often 
noticed in the running surface of old rails, give rise to these 
larger induced flaws, requires further investigation. It is not 
likely that they usually spread into the substance of the rail, 
because they are common in old rails, and fractures would be 
more frequent than they are if that were the case. Also, the 
evidence as to the existence of visible flaws or defects in the 
fractured surface of rails is ver\' conflicting. In some cases, 
undoubtedly, the combined effects of the weakening of a rail by 
wear and corrosion, possibly also increased straining action from 
defective packing of sleepers, and the presence of a flaw or fis- 
sure of not inconsiderable size, have led to fracture of the rail. 
That such defects appear most commonly in the head of the rail 
is evidence, to a certain extent, that they are induced by the ham- 
mer-hardening of the top surface : h. it is ver}- desirable that the 
mechanical tests to which rails are subjected should be, as far as 
possible, standardized in connection with (i) the weight, (2) the 
flection, and C3) the chemical composition of the rail. 
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psned to mixied ctystals scpualmg^ frcxD a ocsoccntrated nqind. 
sohitiofi, aisd may exist by riy side of marteushe and cancntite^ 
being transformed by slow cooling into a congloBneiate of the 
two latter. 

The com m en t s of Messrs. Osmond and Le Chatdicr upon 
the esdiausdve paper of Professor Roozdxxim confirm in nearly 
erery point the correctness of his judgment in the readings drawn 
fiom experiment. 
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and steel containing phosphorus; and as this branch of the 
research has practically remained untouched, I have, with the 
cooperation of a large number of metallurgical friends and 
assistants, during the last few years devoted much time in 
endeavoring to clear away the fog which surrounds the subject 
by studying with the aid of the microscope and chemical analysis. 
The results have far exceeded anticipation, but there still remains 
much to be done; and it is sincerely wished that metallurgical 
students will not only repeat the original experiraental work 
recorded, but will follow up the research from the point where 
it has been left. 

Preparation of Specimens 

In the prosecution of the research it was necessary to prepare 
many hundreds of specimens containing from traces up to a 
very large amount of phosphorus. The class of steels, or rather 
irons, containing under i per cent of phosphorus were prepared 
for me by Mr. C. H. Ridsdale, through the kind permission of 
Mr. Arthur Cooper, and by Mr. Arthur Richards, of the Cleve- 
land Steelworks. They consisted of samples taken from the 
Bessemer converter during the after-blow, when practically all 
elements other than phosphorus and iron had been removed. 
For the samples containing from i per cent to 2 per cent phos- 
phorus I am indebted to Messrs. J. H. Andrew & Co., Ltd., of 
Sheffield, who made several crucible melts of the purest Swedish 
bar iron and phosphorus, which latter was simply dropped into 
the crucibles containing the pieces of bar in a white hot state. 

The metals with higher percentages of phosphorus were pre- 
pared in my own laboratory by melting either Swedish iron or 
ordinary puddled iron in crucibles with phosphorus. 

Other samples of a curious and interesting nature were pro- 
duced incidentally in iron man facturing processes. 



Classification of Results 

The results of the examination of iron and phosphorus may 
be conveniently divided into the following classes : — 

1st Class. In this class are included all compounds contain- 
ing between o per cent and about 1.70 per cent phosphorus. 
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2d Class. Compounds containing between about 1.70 per 
cent and about 10.2 per cent phosphorus. 

^d Class. Compounds containing between about 10.2 per 
cent and 15.58 per cent phosphorus. 

4th Class, Compounds with from 15.58 per cent to 21.68 per 
cent phosphorus. 

The metals containing much above 21 per cent phosphorus 
have not been investigated, as they are of little metallurgical 
interest. 

Class I 

Phosphorus from traces to about 170 per cent 

The preliminary examination of a few samples containing 
between i per cent and 2 per cent phosjihorus clearly showed 
in the latter two distinct constituents, one consisting of crystal- 
line grains, the other of a hard constituent enveloping the grains, 
closely resembling carbide of iron or cementite. 

The samples containing between i per cent and i .4 per cent 
were quite free from the hard constituent. It thus became clear 
that in iron containing between 1.4 per cent and 2 per cent phos- 
phorus there must exist a critical point. 

After making many " melts " and careful micro-examina- 
tions of the specimens prepared, one of the small masses of metal, 
which had been allowed to cool very slowly in the crucible, on 
sectioning and inspection, was found to be free from the hard 
constituent near the outside, but contained much of it in the 
central portions. The exterior part was cut off and carefully 
analyzed, with the following result : — 

Per Cent 

Carbon 0.02 

Silicon trace 

Sulphur 0.03 

Phosphorus 1.63 

Manganese trace 

Valuable data was also obtained from a very crystalline piece 
of metal which was found lodged between the bricks in a pud- 
dling furnace, and was taken out when the furnace was off for 
repairs. 

The crystalline particles were arranged in columnar form, 
which averaged about one inch in length. The macrostructure 
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what is sc) retained can be throix-n out of solid solution,* proof of 
which wiU be given later, I am justified in concluding that all 
the crx'stalline com|X)unds containing no free phosphide of iron 
(tri ferric phosphide) are sohd solutions, in iron, not of phos- 
phorus, but of the definite chemical compKDund Fe,P. 

On the Action of Reagents on the Metals of Class I 

Metals containing between o.io per cent and 1.70 per cent 
phosphorus leave a black residue on treatment with dilute hydro- 
chloric acid or sulphuric acid. The amount of the insoluble 
residue increases v^-ith the phosphorus. The less the phosphorus 
the slower is the action of the acid. 

Metal with i per cent of phosphorus dissolves more than 
twice as rapidly as one with 0.05 per cent. 

The black residue is completely oxidized b}- a ferric salt, and 
by that means is distinguished from a carbon residue. When 
washed rapidly and dried at 60° over sulphuric acid, and after- 
wards heated to 80° or 90^ C, it spontaneously ignites and bums 
with a phosphorctic flame. If it is washed with alcohol and 
ether this peculiarity docs not appear. 

After dissolving in dilute hydrochloric acid an iron contain- 
ing about 1 per cent phosphorus, on long-continued boiling of the 
solution some of the black decomposition product of Fe.-tP sus- 
pended in it is dissolved, yielding a dark brown solution, the 
color of which is destroyed by ferric chloride. 

C^*) Messrs. Osmond and \\'erth have made a preliminary 
examination of the black residue, and they state that it contains 
phosphorus, iron, oxygen, hydrogen, and water. 

It is of very complicated composition, and, beyond confirm- 
ing the observations of the gentlemen just named and determining 
the ratio of the iron to the phosphorus present, I have not more 
thoroughly examined it. 

Two samples containing about 1.7 per cent phosphorus were 
dissolved in cold dilute hydrochloric acid. The residues were 
filtered off, washed with water, and dissolved off the filter in 
acidulated bromine water. The solutions were examined for 
iron and phosphorus. The results showed an atomic relation, 
viz. : — 



* Notes on scilid si^hitioiis will ho fmind in Appendix II. 
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In 1st sample FePi.ao 

In 2d sample FePi.w 

It was observed that the ratio of iron to phosphorus was 
materially influenced by boiling the solution of the dissolved 
iron and the length of time the boiling was continued. 

The black residues were not attracted by the magnet. 

When pure triferric phosphide, FcjP, was digested in cold 
dilute hydrochloric acid in an open vessel for several days, the 
metallic lustre was removed and the powder changed to a dense 
black substance. During this treatment streams of gas were 
evolved. The residue was not attracted by the magnet. It was 
filtered, washed, and teste'd for iron and phosphorus. In two 
separate specimens of FcgP, one -was kept in contact with the 
acid for two weeks, the other for four days. The atomic ratio of 
the iron and phosphorus in the black residue was as follows : — 

1st sample, treated with acid for 14 days =: FePi.75 
26. sample, treated with acid for 4 days = FePi.30 

The fact that the long-continued action of hydrochloric acid 
on FcgP leaves a black non-magnetic residue similar, as regards 
the ratio of the iron to phosphorus, to the residues from iron 
and phosphorus compounds containing no free phosphide, is 
strong evidence in proof that such compounds are solidified solu- 
tions of phosphide of iron in iron. 

There can be no doubt that the residues in both cases are de- 
composition products, and are not definite chemical compounds. 

The property of spontaneous combustion at 80° C. may pos- 
sibly be due to the presence of one of the higher hydrides of 
phosphorus. 

The studv of these residues is a research in itself, and one 
which must be carefully followed before we can feel justified in 
forming definite conclusions. 

On etching together in dilute acids polished pieces of iron or 
steel containing varying proportions of phosphorus, they darken 
relatively with the proportion of phosphorus present. Taking 
advantage of this observation, I have found it valuable in detect- 
ing the segregation of phosphorus in soft steel bars : for where 
there was most phosphorus the ferrite darkened relatively more 
rapidly (on the continued acid of dilute acid) than did the ferrite 
in the portion external to the segregate. 
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Analyses of Samples 



Iron 
Carbon 
Phosphorus 
Not determined 



I 


2 


3 


4 


Per Cent 

97.80 
0.06 
1.69 

0.45 


Per Cent 

98.20 
0.05 
1-32 
0.43 


Per Cent 

98.70 
0.05 
0.62 
0.63 


Per Cent 

98.90 
0.04 
0.23 
0.83 


100.00 


100.00 


100.00 


100.00 



Per Cent 

99.60 
C.04 
0.065 

0-295 

lOO.CO 



Dissolved in strong hot acid, i grm. iron to 20 c.c. HCl 



Phosphorus evolved as PHs 
Phosphorus in residue 
Per cent gasified 



0.26 


0.42 


0.30 


0.17 


'•33 


0.91 


0.32 


0.06 


15.00 


33-00 


48.00 


74.00 



Dissolved in weak hot acid 



Phosphorus evolved as PHs 
Phosphorus in residue 
Per cent gasified 



0.28 


0.26 


0.14 


0.1 1 


I.4I 


1.06 


0.48 


0.12 


16.00 


20.00 


23-5 


48.00 



Dissolved in weak cold acid 



Phosphorus evolved as PHs 
Phosphorus in residue 
Per cent gasified 



0.06 


0.09 


0.07 


0.1 1 


1.63 


1-23 


0.55 


0.12 


3-5 


6.5 


11.00 


48.00 



0.052 

0.016 

80.000 



0.028 

0.037 

74.000 



0.035 

0.030 
54.000 



chemical treatment must be identical. The strength of acid, the 
temperature, and the time the solutions are boiled after the irons 
are dissolved, all have an influence on the proportion of phosphine 
gas formed. 

The following results were obtained by dissolving one 
gramme of each sample in 10 c.c. strong hydrochloric acid in the 
cold, and boiling afterwards for one minute. 

The samples were obtained from different charges during 
the after-blow period. 



\ 


Phosphorus 


Nos. 


Gasified 


Not 
Gasified 


Total 


Parts 
per 100 
(Jasified 




Per Cent 


Per Cent 


Per Cent 


Per Cent 


I 


0.260 


0.63 


0.89 


30.CO 


2 


0.18 


0.34 


0.52 


34.00 


3 


0.12 


0.18 


0.30 


40.00 


4 


0.09 


0.09 


0.18 


50.00 


5 


0.03 


0.03 


0.06 


60.00 



.- ^i-- 
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Many other cases might be brought forward, but they go to 
prove that the higher the concentration of the solid solution, the 
less proportion of the total phosphorus which is given off as 
PH3 — a most important general law, as will be seen in Part II 
of this paper. 

Cupric chloride, although it has little action on free FeaP, be- 
haves like sulphuric and hydrochloric acid in one respect, that 
when acting on solid phosphide solutions it leaves a black decom- 
position product. 

(^*) Osmond and Werth have found that the residue left on 
dissolving these metals electrically by WeyFs method resembles 
that left by dilute acids. 

There is much room for hypothetical and inductive reasoning 
to account for the facts, and it is hoped that members of this 
Institute will endeavor to find a satisfactory solution to account 
for the phenomena. A probable explanation is that the more 
attenuated the phosphide, and the greater the proportion of iron, 
and the more nascent hydrogen available, the more readily the 
phosphide will be decomposed and hydrogenized. 

Certain results of Baron Jiiptner, referred to subsequently, do 
not appear to confirm such a view ; it is therefore necessary to 
await the results of further research before we can form other 
than tentative conclusions, and seems to point in the direction that 
the more diffused the phosphorus, and the greater the proportion 
of phosphine formed, the safer the steel. 

This question, however, will be further discussed in Part II, 
when the influence of carbon is considered. 

When nitric acid of specific gravity 1.42 is poured upon iron 
containing little phosphorus, the iron becomes passive, and will 
not dissolve until the solution is heated ; but when the percentage 
of phosphorus is high, say between 0.6 per cent and 1.7 per cent, 
the passivity disappears and the acid attacks the metal violently. 

In very dilute solutions its action resembles that of sulphuric 
and hydrochloric acids, ferrous nitrate and the black decomposi- 
tion product being formed. 

With nitric acid of specific gravity 1.20, and at a tempera- 
ture of about 20° C, a perfectly clear solution results, free from 
any black decomposition product, whilst under like conditions 
free phosphide of iron, Fe-^P, is but little acted upon. This 
reagent then is a very good one for separating free phosphide 
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Heated to 
HOC* C. 


Heated to 
1300° C. 


Melted 


• 

Phosphorus in free phosphide . 
Phosphorus in solid solution 


Per Cent 

0.95 
I.OI 


Per Cent 

0.91 
1.06 


Per Cent 

0.20 
1.74 




1.96 


1-97 


1.94 



They show clearly enough that even at 1300° C, a point not 
far removed from the point of fusion, practically no phosphide 
was reabsorbed. 



Microscopic Examination of the Annealed Metal 

A section of the metal before annealing and decarburizing 
is represented in Photo No. 8, in which it will be seen the phos- 
phide eutectic is present in irregular masses and is surrounded 
by dark fringes of pearlite. After decarburization the pearlite 
was absent, and what is most remarkable, the phosphide of the 
phosphide eutectic was found not in irregular masses, but in What 
appeared to be rectilinear prisms, many terminals of which had 
true crystalline angles. 

They were not always continuous, but were generally much 
broken up. Photo No. 20 illustrates this. 

In the specimen heated for half-an-hour to 1 100° C.the change 
was also remarkable. Most of the prismatic crystals retained 
their position, but the ends were quite rounded. Many of them 
had broken up and contracted, forming chains of globules or 
lenticular-shaped bodies, the longer axes of which invariably cor- 
responded to the longer axes of the original prisms. There were 
also present irregular-shaped masses of eutectic somewhat re- 
sembling those of the sample before it was annealed. 

In the specimen heated to 1300° C. the prismatic formation 
and the globular particles of phosphide were entirely absent, and 
had been replaced by the irregular-shaped eutectic, masses. , 

Photo No. 21 illustrates this. 

On remelting a portion of the annealed material, the micro- 
structure was similar to No. 8 if the pearlite is excluded. 

On looking at the three photos, Nos. 8, 20, 21, placed side 
by side, one is impressed with the facts: ist. That by annealing, 
the phosphide illustrated in Photo No. 8 has entirely rearranged 
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Other metallographists would probably find, on reexamining their 
specimens by the new method, that what they had taken to be 
cementite was in realit}' phosphide of iron. 



• Class IV 

Phosphorus between 15.58 per cent and 21.68 per cent 

When the phosphorus is increased above 15.58 per cent 
somewhat porous ingots result, and until 21.68 per cent is present 
it is easy to separate the powdered metal into two distinct parts. 

On endeavoring to color or stain the constituents of polished 
sections so as to identify them by the usual etching methods, no 
success followed the effort ; but on heating them till a blue oxida- 
tion temper tint was just visible to the eye, on examination under 
the microscope two differently colored parts became evident, one 
blue, more readily oxidized than the other, and a second which 
appeared yellow. 

Both constituents were practically homogeneous, and were 
evidently definite chemical compounds. One of these compounds 
was less soluble in nitro-hydrochloric acid than the other. The 
more insoluble part was also least readily attracted by the magnet. 

The constituent, readily colored blue by heating, was the 
more soluble in acid, and was strongly attracted by the magnet. 
It consisted of FcaP. 

The less readily colored constituent, very slowly acted upon 
by acids and slightly attracted by the magnet, consisted of FcgP. 

The microstructure leads one to conclude that the FcgP crys- 
tallizes at a higher temperature than the Fe3P, for the crystal 
faces of FeoP in the drusy cavities were generally more perfect 
than those of FcjP. 

The more insoluble compound, FejP, separated by acid, con- 
tained — 

Per Cent 

Iron 78.30 

Phosphorus 21.50 

Not determined 0.20 



100.00 



The compound of iron and phosphorus containing about 18 
per cent phosphorus, which had about equal parts of FejP and 
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FcjP, was most fragile and very porous, and the crystals loosely 
attached to each other were easily separated by slight pressure. 
On placing the coarse crystalline matter on a steel plate and 
heating it till some of the particles took a " temper blue color," 
and then rapidly cooling the whole, it was easy to pick out the 
blue particles from those of a pale yellow color. On testing them 
chemically side by side, the blue particles were found to approxi- 
mate-to the composition of FcgP, the yellow crystals to FcgP. 

When the mixed mass of blue and yellow particles was ap- 
proached by a magnet to within a distance of 2 mm., the blue 
particles were attracted and adhered to the magnet, the yellow 
ones remaining behind. 

The analysis of the magnetically separated compounds were 
as follows : — 



Iron 

Phosphorus 
Not determined 



Magnetic 



Slightly 
Magnetic 



Per Cent 

84.00 

15.82 

0.18 



Corresponding to the formula of 



100.00 
FeaP. 



Per Cent 

78.40 

21.50 

o.io 



100.00 
FeaP. 



It is not often that compounds can be separated by such 
simple and diverse methods : — 

1st. By chemical reagents. 
2d. By the magnet. 

3d. By heat-coloring and by hand-separation. 
Of the three, the magnetic method is by far the most per- 
fect, for whereas FcgP is strongly attracted, FcgP will not rise to 
the magnet, and only slightly adheres to it when placed in contact 
with the finest powder. 



Class V 

Phosphorus 21.68 per cent to 24 per cent 

By the expenditure of a very excessive amount of phosphorus 
and the use of a very high temperature, iron may be made to 
combine directly with sufficient phosphorus to give a compound 
containing 24 per cent of that element. This is contrary to what 
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divided iron (some oxalate) for three hours in a current of 

carbonic oxide ; the amount of carbon absorbed was found by the 

increase in weight. His results were as follows : 

Carbon 
Temperatures Per Cent 

Incipient cherry red, softening and fusion of glass 6.60 

Clear cherry red 6.55 

Dark orange, fusion of silver 1.21 

A minute division of the iron is necessary; under the same 
condition bulky masses of iron absorb much less carbon.* It is 
interesting to note that in the first two experiments the carbon 
content corresponds almost exactly to the formula FcgC. Such 
a close agreement twice found cannot be accidental, the more so 
that Margueritte had no preconceived opinion and did not seek 
the definite compound. 

On the other hand, Mr. Royston, in reheating for three hours 
some malleable cast iron whose carbon was entirely graphitic be- 
fore reheating, did not succeed in producing more than a trace 
of combined carbon at 620° ; at 720° he obtained only 0.85 per 
cent, and at 1030°, only 1.50 per cent. Mr. Saniter,t on the con- 
trar}% caused some iron wire, i millimeter in diameter, to absorb 
2.95 per cent of total carbon, 2.42 per cent being combined, by 
heating it at about 900° C. in charcoal. This amount of combined 
carbon is certainly greater than the percentage of carbon which 
the mixed crystals are able to retain in solution at 900^, and indi- 
cate the formation of free cementite. 

If Mr. Royston's figures were accepted as representing the 
saturation point of solid iron in presence of graphite at the tem- 
perature indicated, and if these figures were plotted on Professor 
Roozeboom's diagram, the whole of the line a E (extended) 
would pass to the left of E S, and would end almost exactly at 
the point S, so that E F would practically coincide with S K. 

It is not at all certain, of course, that in Mr. Royston's experi- 
ments the saturation point of iron was reached after three hours. 
There are other facts, however, which point to an inclination 
towards the left of the line aE (extended). I do not mean to 
refer to the production of malleable cast iron in a packing of 



*Comptes Rendus, Vol. LIX, p. 726^ October, 1864. 
"y Journal Iron and Steel Institute, 1897, No. II, p. 115. The Metal- 
lographist. Vol. I, p. 52, January, 1898. 
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in Fig. 2 for the curves pertaining to martensite; the diagram 
has been placed next to that showing the equilibrium curves of 
the molten metal, and the same temperatures are on the same 
horizontal line. 

3. Austenite Branch, — It remains for us to examine the 
question of the existence of austenite as a phase distinct from 
martensite. According to Mr. Osmond, austenite is character- 




Cdrbon % 
Fig. I 



Ctu-do/t Va 
Fig. 2 



ized by being less hard than martensite, by a smaller magnetic 
permeability, and by being less readily acted upon by reagents. 
These differences justify a sharp line of demarcation between 
these two substances at the ordinary temperature, but they do 
not prove that the same differences exist at a high temperature. 
It is well known that above the point of recalescence martensite 
is not magnetic ; it becomes magnetic during cooling. Austenite 
might, therefore, be a variety of martensite, retained at the ordi- 
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2. The graphitic series (the graphitic cast-irons*), the mem- 
bers of which are simply the steel or the white cast-iron (as the 
case may be) of the graphiteless series, plus graphite. 

Let us consider first the- graphite-less series, the simpler be- 
cause the influence of the ferrite and cementite is not here ob- 
scured by that of graphite. 

If we plot a great number of cases, with carbon as abscissae 
and tensile strength, ductility and hardness as ordinates, as in 
Fig. i,t we find that, whereas the ductility diminishes and the 
hardness increases continuously as the carbon increases, the ten- 
sile strength increases only until the carbon reaches about i per 
cent, when it reaches a maximum, and then in turn decreases. 
This law we may regard as firmly established for steel uhder 
normal conditions. The reason for the general features of these 
curves will be discussed in Section III. 

Let us now turn to the graphite series, which includes both 
gray and mottled cast-iron, and let us consider first (A) cases 
in which the graphite is constant and the combined carbon varies ; 
then (B) those in which combined carbon is constant and graphite 
varies ; and then in II. those in which both vary. 

A. Graphite Constant, Combined Carbon Varies. — Here, 
since variations in the combined carbon, i.e., in the carbon of the 
matrix, should cause the same effects in that matrix as similar 
carbon-changes cause in steel, therefore, as the combined carbon 
increases the hardness of the mass as a whole should increase, 
and its ductility should decrease — in both cases continuously. 
But the tenacity of the matrix, and through it the tenacity of the 
conglomerate whole, should increase until the combined carbon 
reaches about i per cent, and should in turn decrease as the com- 
bined carbon further increases. 

B. Combined Carbon Constant, Graphite Varies, — : The 
graphite by itself should weaken, soften and embrittle cast-iron. 

* Strictly speaking, any high-carbon steels and any cast-irons which, 
in spite of having a white fracture, yet contain a really important quantity 
of graphite, belong here; but for the purposes of our bird's-eye view we 
may neglect them. 

t We have no sufficient quantitative data to enable us to plot the 
hardness-curve. That given in Fig. i is simply sketched in by eye, to show 
the results of general observation ; and the dotted parts of the tenacity- and 
ductility-curves make no pretence whatever to quantitative accuracy, but 
are simply conjectured as the result of general observation. 
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Typical 




From 


To 


composition 




Per Cent 


Per Cent 


Per Cent 


Total carbon 


^•75 


3-25 


2,81 


Silicon . 


1.90 


2.40 


2.09 


Manganese 


.40 


.80 


.47 


Phosphorus . 


.25 


.60 


•523 


Sulphur 


.02 


•05 


.045 



The upper limit for carbon in air-furnace castings here given 
is approximately the lower limit for common cupola castings, 
according to my observation. Looking through a large number 
of analyses of such castings I find only three with less than 3.1 1 
per cent of total carbon, and some with over 4 per cent. In a 
group of 75 analyses of car-wheels, presumably made of cupola 
cast-iron, all but four have at least 3.30 per cent of total carbon. 
Ledebur, while admitting the decarburization in the air-furnace, 
thinks that not more than one-sixth of the total carbon is thus 
removed.* 

on Metals for Cannon," 1856. In the " Final Report " on composition are 
given thirty-two analyses of such iron, with the total carbon varying be- 
tween 2.60 and 4.60 per cent, and averaging 3.72 per cent. The results of 
this monumental work thus seem at first to strike at the root of my evi- 
dence, by showing that air-furnace castings are habitually rich, and may 
be very rich, in carbon. But after careful examination I must reject these 
results as certainly unworthy of consideration. In this final report we 
find that one gun, which endured 11 1 service rounds, contained 5.21 per 
cent of manganese; and, in spite of having only 2 per cent of silicon, it 
yet incongruously contained 2.80 per cent of graphite. One gun contained 
0.23 per cent of calcium, and another 0.69 per cent of aluminum. A pre- 
vious report in the same volume, by the same chemists, gives most of the 
guns as containing over 6 per cent of manganese ; two of them had nearly 
16 per cent, and one of them 18 per cent of that element. One had 3.46 
per cent of aluminum; two had more than 6 per cent of phosphorus. 
Average results of a whole class of iron gave 14.84 per cent of carbon. 
The graphite in one specimen was 16.25 P^r cent. In the light of our 
present knowledge these results, which referred to cast-iron guns of high 
quality, are absurd: the data as to carbon-content rest on the same basis 
of authority, and hence deserve no weight. That such conscientious work 
should have led to such gross errors is hard to understand, even in view 
of the time when it was done. One at first wonders whether one reads 
aright, especially in view of the confusing way of reporting the composi- 
tion, not in percentages but in fractions of unity; but I am confident that 
these errors cannot thus be explained away. 

* Eisen- und Stckhlgiesserei, 1892, page loi. He indeed asserts that 
if the temperature be purposely kept low, and sufficient manganese and 
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greater, and the cooling through the solidifying points slower, 
the relative proportion of phosphorus thrown out of solid solu- 
tion would have been different. 

The method of determining the free phosphide, although the 
best at command, gives approximate results only ; but the errors 
should not exceed 5 per cent on the quantities given. 

It was expected that a larger proportion of the phosphide 
would have been thrown out of solution by the higher percentage 
of carbon. 

The results are interesting as proving that carbon will not 
throw the whole of the phosphide into the separate state, that a 
persistent residuum still remains in solid solution, even although 
the carbon is as high as 3.5 per cent. 

When the carbon is still further increased, a large quantity 
of massive cementite is present, and an entirely new eutectic is 
found. The original phospho-pearlite eutectic dissolves a por- 
tion of the carbide of iron, which does not separate, but solidifies 
with it, forming a complex compound mixture, in which thin 
parallel plates of carbide of iron, cutting up the phospho-pearlite 
eutectic, are easily detected under the microscope. 

This eutectic does not appear to be formed till the carbon 
approaches 2 per cent. 

It is always present in white phosphoretic pig irons. Its 
exact composition has not yet been deterrhined. A sufficient 
quantity of the compound free from other elements, such as 
silicon, manganese, etc., was difficult to obtain, on which to 
squeeze out the eutectic by hydraulic pressure. 

A small quantity of metal yielded a fusible liquate of the 
following composition, viz. : 

Per Cent 

Phosphorus 7.05 

Carbon ........ 1.30 

Iron 91.60 

99.90 

This was not pure, and is only given here as representing the 
approximate composition of the eutectic. 
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The Effect of Carbon on Iron Containing Less than the Sat- 
uration Proportion of Phosphide Phosphorus when Melted 
Together 

When the phosphorus is in much smaller quantity than 1.7 
per cent, if the carbon is in sufficient quantity it still causes a 
separation of phosphide. 

An excellent example of this has been afforded by Mr. E. H. 
Saniter, who discovered in the hearth of an open-hearth basic 
furnace a piece of partially converted metal which had remained 
in the bed of the furnace when it was cooled down for relining. 

An analysis of this metal yielded in my laboratory: 



Carbon (by combustion) 

Manganese 

Silicon . . . . 

Sulphur . . . . 

Phosphorus 



Per Cent 
1.23 

0.45 
0.06 

0.18 
1.38 



A portion broken off from the same material yielded the fol- 
lowing result by Mr. Saniter's analysis : 

Per Cent 
Carbon . ........ 0.98 



Manganese 
Silicon . 
Sulphur 
Phosphorus 



0.42 
0.055 
0.018 
0.84 



These analyses are far from concordant, and are evidence of 
the great difficulty of obtaining two pieces alike from a mass 
of metal when large quantities of phosphorus are present and 
the cooling has been done very slowly. The following remarks, 
therefore, apply to the specimen supplied to me by Mr. Saniter, 
about 3 cm. square. 

A portion of this was crushed to coarse powder in a steel- 
crushing mortar, and determination made of the free and in- 
soluble phosphide, with the following results: 

Per Cent 
Phosphorus as free phosphide .... 0.76 
Soluble phosphide ...... 0.62 

The phosphide of iron was exceedingly brittle, and was 
located in greatest measure on the outside of the grains, so that 
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with so little carbon as 0.98 per cent, and knowing that the en- 
velope was much more brittle than the body of the grains, of 
pearlite, he endeavored, by crushing and sieving, to separate the 
more easily powdered envelope from the greater bulk of pearlite. 
Of course, such a crude mechanical process could not be expected 
to give perfect separation, but, with the assistance of chemical 
methods in addition, he obtained some most valuable results. 

By Mr. Saniter's permission his original results are here 
given in his own words : 

" As was anticipated on examination under the microscope, 
it was evident that brittleness was caused by the segregation of 
a hard substance with the appearance of cementite along the 
granular junctions. With a view to ascertain its composition 
the metal was subjected to crushing, and the more brittle portion 
separated by sieving from the more malleable, that is to say, 
the intergranular from the granular matter, with the following 
results, viz. : 

Metal partly crushed and the crushing 
fractionated by sieving 



Would not pass 
40-mesh sieve (liner) 

II 

97.3 per cent 



Passed 
4C-mesh but 
not 80-mesh 
1.2 per cent 



This was crushed 
as fine as possible 



Passed 

80-mesh 

sieve 

1.5 per cent 



Would not 
pass 80-mesh 
76.5 per cent 
This contained: 
Carbon . 0.64 per cent 
Silicon . 0.005 
Sulphur . 0.014 
Phosphorus 0.620 
Manganese 0.430 



Passed 

80-mesh 

20.8 per cent 



« 



<( 



(I 



u 



1. 10 per cent 



0.88 per cent 2.33 per cent 



0.093 
0.472 
8.200 
1.510 



(( 



<i 



« 



<( 



Phosphorus 
soluble in 
I.I sp. gr. 
H2SO4 



•• = Nil 0.20 per cent 



" Disregarding the intermediate products, the analysis on the 
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Material 



Act'i^ Bessemer Steel — 
Before the addition 

spiegeleisen 
After such addition 



Open-hearth Steel — 
Before the addition 

spiegeleisen 
After such addition 
Hardened 



°'i 



Basic Bessemer Steel — 
Before the addition of \ 
spiegeleisen . . f 

After such addition 



of \ 



Very soft steel 
"Diamond" steel No. I . 
Ordinary Bessemer steel 
Ordinary Bessemer steel 
Pig iron .... 
Burnt iron from the Mo- ) 
selle, in pseudo-crystals J 
Spiegeleisen . 
Basic Bessemer pig iron. 
Forge pig iron 



Analysis 



C. 



Per 
Cent 



0.49 
0.49 

0.18 
1. 17 
0.50 
0.49 

O.I I 

4.00 
3.00 
3.00 



Mn. Si. 



Per 
Cent 



0.37 
0.37 

O.IO 

0.18 
0.57 
0.74 

trace 

19.84 
2.16 

0.07 



Per 
Cent 



0.075 
0.07 s 



0.44 
O.I I 
0.23 

0.058 

I.7I 

'•37 



T. 



Per 
Cent 



P. 



0.038 
C.022 



0.024 
0.024 

0.060 
0.018 
0^)42 
0.022 

0.032 



0.13 

0.48 



Per 
Cent 

0.065 

0.065 



0.046 
0.046 

0-033 

0.041 
0.041 

0.070 

0.033 
0.065 
0.065 

0.055 

0.810 

0.145 
2.500 
1.750 



Ev^'ved'P^'^* 
Samples 



Per 
Cent 

0.044 
0.028 



0.030 
0.018 ' 



0.022 

0.014 
0.013 

0.049 
0.005 
0.030 
0.026 
0.041 

0.147 

0.004 
0.037 
0.038 



Per 
Cent 

68 
43 

65 
39 

67 

34 
32 

70 

15 
46 

40 

38 

18 

3 

1-5 
2.2 



The author's remark : 

** This table clearly shows that there is no relation between 
the total P and that freed as PH3. The latter depends entirely 
on the percentage of carbon ; indeed, more phosphoretic metals 
only allow an insignificant amount of PH.^ to be evolved, whilst 
soft (mild) irons and steels evolve under the same circumstances 
comparatively important quantities, the same steel giving more 
PHg after decarburization than after recarburization. Manganese 
is without effect, seeing that spiegeleisen and Moselle iron 
behave after the same manner. 

" The quantity of PH3 evolved also varies, all other conditions 
being equal, with the strength of the acid. 

" A fraction of the P then seems to be combined with the 
iron, with which it forms a phosphide partially decomposed by 
HCl, whilst the surplus is engaged in a complex combination 
with the carbon of annealing cement carbon." 



Iron and Phosphorus 



219 







Phn«i- 


Phosphorus 


per Cent 






Carbon 


1 liwa 








• 




per Cent 
by Weight 


phorus 

per Cent 

by Weight 


Parts per 

100 Sample, 

as PH3 


Parts per 

100 P, 

as PHs 


Remarks 


• 










A. /*/^ ioon. 


I 


2.385 


0.1315 


0.0263 


2.00 


White pig iron. 


2 


3.418 


0.0744 


0.0026 


3.5 


Dark gray pig. 


3 


3.418 


0.0744 


0.0058 


7.8 


Dark gray pig, dissolved in 
sulphuric acid diluted 
with equal volume of 
water. 


4 


2.296 


1.048 


0.0383 


3.6 


So-called " Panzerguss " for 
fire-bars. 

B. Wrought iron and steel. 


5 


0.2254 


0.0970 


0.0054 


5.50 


Short. 


6 


0. 1 800 


0.0596 


0.0020 


5.30 


Short. 


7 


0.1510 


0.0690 


0.0012 


1.71 


Short. 


8 


0.239 


O.IOIO 






Good material. 


9 


0.259 


0.0860 


0.0015 


1.70 


(rood material. 


10 




0.0964 


0.0162 


16.00 


Very short. 


II 


0.273 


0.0469 


0.0054 


11.00 


Slightly cold-short. 


12 


0.308 


0.1242 


0.0243 


20.00 


Cold-short. 


13 


0-343 


0.5649 


0.0248 


4.0 


Cold-short. 


14 


0.122 


0.6212 


0.0190 


3.0 


Cold-short. 


15 


0.375 


0.0847 


0.017 1 


20.0 \ 




16 
17 


0.217 
0.168 


0.0677 
0.0704 


0.0184 
0.0177 


27.0 

25.0 V 


Increasing in cold-short- 


18 


0.137 


0.0648 


0.0218 


32.0 I 


llcbS. 


19 


0.220 


0.0829 


0.0218 


26.0 J 




A 


O.IIO 


0.442 


0.355 


80.33 


Welds easily. Very great 
cold-shortness. 


B 


0.123 


0.456 


0.289 


63.35 


Welds easily. Great cold- 
shortness. 



The actual tests made in a testing-machine of A and B 
samples were as follows : 



Tensile strength, tons per square inch 
Elongation on 50 millimetres, per cent 
Induction in area, per cent . 



A 


B 


27.00 


22.40 


8.40 


12.00 


29.32 


25.60 



The proportion of phosphorus as PH3 given off after the 
samples were annealed and hardened in water was 

83.13 per cent in A, and 68.75 P^*" c^"* "^^ ^« 

an increase of about 



3 per cent in A, and 5 per cent in B. 
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which take place in the cementation furnace. With the most 
valuable assistance of Mr. T. W. Sorby of Sheffield, without 
whose aid no practical results could have been obtained, I have 
had many pieces of phosphoretic bars, etc., carburized by cementa- 
tion, and these were carefully examined. 

The first sample, for which I am indebted to Mr. A. Cooper 
and Mr. C. H. Ridsdale, consisted of a piece of iron taken from 
metal during the afterblow in a basic converter, when about 0.6 
per cent of phosphorus remained. 

A second sample consisted of a piece of puddled bar con- 
taining about 0.5 per cent of phosphorus. 

The following are the analyses after carburization : 

Basic Iron (Cemented) 

Per Cent 

Carbon 1.16 

Phosphorus 0.63 

Phosphorus as free phosphide .... 0.02 
Phosphorus in solid solution .... 0.61 

The microscope proved that, except at the external parts, no 
free phosphide was present. The carbon being highest in that 
region, it was natural to expect free phosphide there if anywhere. 

Puddled Bar (Cemented) 

This sample was far from homogeneous, and had blistered 
slightly. It had the following analysis: 





Carbon 


Total 


Phosphorus 


Description 


As Free 


In Solid 








FegP 


Solution 




Per Cent 


Per Cent 


Per Cent 


Per Cent 


Outside layer, 3 mm. 


1-35 


0.495 


0.054 


O./I41 


Second layer, 6 mm. 


0.96 


0.490 


0.028 


0.462 


Third layer, 9 mm. 


0.75 


0.500 


Nil. 


'0.500 



It will be seen that, excepting near the outside where the car- 
bon is in greatest quantity, practically no phosphide had separated. 
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The following table will make this clear: 









Carbon, calculated 


Pure Iron 


Phosphide 


Phosphorus 


as Capable of 
being Absorbed 


Per Cent 


Per Cent 


Per Cent 


Per Cent 


100 


None 


None 


4.60 


75 
50 

25 
None 


25 
50 

75 
100 


3.89 

7.78 

11.67 

15.58 


3-45 
2.30 

1.15 

None 



In order to ascertain if the result of actual experiment would 
coincide with the calculated results, mixtures of phosphide and 
pure iron were made so as to approximate to the above propor- 
tions of phosphorus and iron, and these were melted side by 
side in a charcoal brasqued crucible containing five separate com- 
partments. The heat was regulated so as not to exceed the tem- 
perature of the blast-furnace, and was certainly not high enough 
to melt pure iron. 

The analyses of the products were as follows, viz. : 



Analysis of Mixture 


Carbon in 
Melted Metals 


Fracture 






Iron 


Phosphorus 






Per Cent 


Per Cent 


Per Cent 




100 


None 


4.15 


White 


96 


4.10 


3-25 


(( 


93 


7.90 


2.00 


« 


87 


13.00 


0.70 


it 


83 


16.00 


Nil. 


tt 



The results, although deviating from what was calculated, 
nevertheless are sufficiently close to show that the basis on which 
the calculations were made is fairly correct. It is well known 
that even from the blast-furnace the No. i pig irons will vary 
very considerably in carbon, from causes not at present fully un- 
derstood. The temperature, however, ceteris paribus, undoubtedly 
has the greatest influence in determining the differences. 

A second series of comparative trials were made with phos- 
phoretic metals of known "phosphorus content by carburizing in 
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the manner above described, but at a lower temperature than in 
the previous trial, with the following result: 



Phosphorus in 

Metals 
Per Cent 

1.85 

4.17 

6.03 
10.15 



Carbon in 

Carburized Metals 

Per Cent 

3-50 
2.50 
1.50 
0.65 



Here the total carbon is much less than in the previous 
records, but the influence of the phosphorus in preventing the 
absorption of carbon is manifest. 

All of these metals were free from graphite, even the first 
sample containing only 1.85 per cent of phosphorus. 

A most interesting metal actually produced in an East Coast 
blast-furnace many years ago, before the value of basic slag was 
recognized, was made on blowing out the furnace with basic 
slag instead of limestone. The analysis of this metal was as 
follows : 



Iron by difference 

Combined carbon 

Graphite 

Manganese 

Silicon . 

Sulphur 

Phosphorus 

Vanadium 

Chromium 



Per Cent 

64.927 

traces 

Nil. 

4.550 
0.396 

0.050 

17.910 

1. 711 

0.446 



100.000 



That the heat was great is evidenced by the large quantity 
of manganese, vanadium, and chromium which were reduced, yet 
the carbon was practically absent — a convincing proof that 
phosphorus in sufficient quantity prevents carbon from retain- 
ing its combination or from making any union with the iron, 
in which respect it closely resembles the effect of 20 per cent 
of silicon. 



Does Phosphorus in Iron Tend to Prevent the Separation of 

Graphite and Produce White Iron? 

This question has often been asked, but practical experience 
with furnaces making haematite and phosphoretic Cleveland irons 
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section, were still considerable, and the experiment did not yield 
any conclusive result. 

One of the broken halves was then etched for forty minutes 
with warm sulphuric acid diluted with four volumes of water. 
The etching was very slow, owing to the purification by hydrogen 
of a steel already quite pure before reheating. As this etching 
proceeds, the network A disappears, the networks B and C become 
fainter, while the network D becomes more pronounced, thus 
confirming our interpretation. The network D is undoubtedly 
the network of the actual joints. 

A small bar of the steel containing varying amounts of car- 
bon, previously polished, was heated under the same conditions 
as the bar of very soft steel. The results were qualitatively the 
same as those yielded by the etching of the same sample of steel 
with gaseous hydrochloric acid at 100°. They have been de- 
scribed elsewhere. 

A ,B 




Fig. 70. 

Interpretation of the Experimental Facts. — ; The pol- 
ished surface of a steel-plate heated in hydrogen is like a sensi- 
tive plate upon which are found recorded all the variations of 
structures that took place. Upon developing this plate, that is, 
when the final preparation is examined, the successive images, 
once very distinct, are superposed in space, resulting in a com- 
plex .image which it is not always easy to decipher. 

We may, it seems, suggest the following explanation : 

Heating between the ordinary temperature and the point 
Acg causes the network A to appear. This network is then the 
actual network of Alpha or BetaAvorif and it remains visible, 
although blurred, after heating to a higher temperature. 

When the point Acg has been exceeded, the iron passes to 
the Gamma state and assumes the condition of martensite. The 
dimensions of the structural elements of martensite increase with 
the temperature and with the time, and its various transitory 
arrangements leave the network B whose distorted and inter- 
rupted outlines indicate the series of successive joints between 
the growing grains of martensite. 
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Mines for January, 1900.* In the other cokimn, we have summed 
up the conclusions based upon the researches just described. 
They are perhaps of a less temporary character, but differ little 
from the first ones. 



Iron, in its three states, crys- 
tallizes in the cubic system. 

Gamma-iron, generally in octa- 
hedra, more or less perfect. 



Beta-iron and Alpha-iron in 
cubes. 

Beta-iron and Alpha-iron form 
isomorphous mixtures. 



Gamma-iron does not form 
isomorphous mixtures with Beta- 
iron. 

The transformation of Gam- 
ma-iron into B^^a-iron appears to 
include a change in the planes of 
symmetry, at least in the carbu- 
retted irons. 



Iron, in its three states, crys- 
tallizes in the cubic system. 

Gamma-iron assumes all the 
combinations of the cube and the 
octahedron ; never any modifica- 
tions on the edges; frequent t win- 
nings with Oi as junction face. In 
commercial iron, more or less 
carburetted, the crystallization is 
preceded by a more or less ex- 
tended crystallitic phase. 

Beta - iron and Alpha - iron 
crystallize identically, which is a 
necessary condition, if not a suf- 
ficient one, of their isomorphism, 
which was, moreover, suggested 
by the progressive character of 
their mutual transformation. The 
cube is the crystalline form, with 
frequent modifications, probably bi 
or bo, on the edges. No modifica- 
tions on the angles. 

Gamma-iron does not form 
isomorphous mixtures with Beta- 
iron. 

The transformation of Gam- 
ma-iron into Beta-iron appears to 
include a change in the planes of 
symmetry, at least in the carburet- 
ted irons. The size of the grain, 
however, acquired under a certain 
state, is not without influence upon 
the size of the grain acquired un- 
der the following state. 



The crystalline forms which have been detected make pos- 
sible the existence of cleavages p and ai in Gamma-iron, and of 



* The Metallographist, Vol. iii, page 287, October, 1900. 
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cleavages p and h-^ in Beta and Alpha-iron. Our experiments, 
however, do not show this conclusively. 

Summing up, it is seen that the crystallographic differences 
which divide Gamma-iron from Beta and Alpha-iron are such as 
are generally met with in the history of substances for which 
there exists no reason to suspect allotropic or isomeric modifica- 
tions. If the allotropy of iron were not conclusively proved by 
other evidences, it would not be revealed by its crystallography. 
This suggests the thought that the signification of crystallo- 
graphic differences, considered to-day as having no bearing upon 
the molecular state of substances, may, in certain cases, be mis- 
understood. On the other hand, it is not impossible that the 
differences of this nature which we have detected in the dif- 
ferent varieties of iron, will some day be erased by the results 
of other experiments. 

Appendix I. 

Martensite and Austenite 

The name of martensite was first applied to hardened steel 
considered as a mineralogical entity. Later, through a natural 
extension, it was also used to designate the condition of steel 
above the point A3, admitting implicitly that the crystalline forms 
acquired at a high temperature were retained by quenching. 
Our experiments dealing with the reheating of polished surfaces 
have shown such extension to be justified, since it has been pos- 
sible to cause the appearance on theSe sections of the same forms 
which characterize martensite in hardened steel. 

These forms represent the crystallitic state of Gamma-iron, 
and since Gamma-iron holds the carbon in solution, there is no 
reason to suppose that martensite, above the point A3, is not 
homogeneous. It does not follow, however, that it remains 
homogeneous, after cooling, even if we give to the word homo- 
geneous the restricted meaning of 7iot resolved by the microscope. 
Strictly speaking, it is evident that martensite is not homogeneous, 
since it is magnetic, which indicates the return of the iron to 
the Alpha condition, at least in part. The question has been 
asked,- notably by Mr. Sauveur, whether it could not be resolved 
by the microscope into two constituents. It is, indeed, possible 
that the transformations do not take place with the same speed 
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Appendix II. 

In one of our experiments, dealing with the crystallization 
of Alpha-iron by the Peligot method, we had introduced before- 
hand in the tube and in front of the boat containing the ferrous 
chloride, an electro-magnet made of a core of nearly pure iron, 
polished on one side, and of a solenoid of iron wire previously 
heated in hydrogen. The solenoid was isolated from the core 
by a porcelain support, and a current of two amperes was made 
to pass through it. 

We wanted to ascertain where the deposit of reduced iron 
would take place, and whether the structure would be modified. 
No modification of structure was detected. 

Some iron was found deposited, as a coating, with the 
characteristics of Alpha-iron, around the two poles of the core, 
and in the shapes of crystalline festoons between the two or 
three first spirals, and on the tube, bearing, however, no rela- 
tion to the lines of force. No iron was found on the neutral 
part of the electro-magnet. 

The formation of a deposit on the tube, a few millimeters 
from one of the poles of the electro-magnet, seems to prove that 
iron at the instant it leaves the molecule FeCla, is not magnetic, 
although iron as a mass is magnetic at that temperature. The 
union of two or more non-magnetic atoms is apparently required 
to form a magnetic molecule. 



THE MICROSTRUCTURE OF HIGH CARBON STEEL 
QUENCHED NEAR ITS MELTING POINT 

By ALBERT SAUVEUR 

IN the July 1900 issue of The Metallographist some photo- 
micrographs, taken by Mr. F. C. Lau, were reproduced show- 
ing the structure of a bar of steel containing 2.40 per cent of 
carbon, and quenched when the end of the bar was beginning 
to melt. 

One of these photographs, magnified 1000 diameters, is 
again shown in Fig. i. In describing this structure it was 
stated that the needles were martensite, and the large white 
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not be the purpose of our bureau to suggest standards for screw 
threads, but simply to ascertain what the world at large is doing, 
and in case our manufacturers should adopt a uniform standard 
to assist them in promulgating and preserving standards, in dis- 
tributing gauges, templates, etc., and in comparing them from time 
to time with the official standards in the custody of the bureau. 

" Modern laboratories at big steel works are so complete in 
all details that these institutions will be interested in almost every 
branch of our work in addition to that which relates especially to 
manufacturing processes. We will be in positioh to standardize 
and calibrate all the philosophical apparatus of a large chemical 
laboratory, to standardize the weights of testing machines, to 
test weights for all kinds of scales, to standardize rules, tape lines, 
etc., and in a general way to assist in spreading scientific uni- 
formity through every department of the great iron and steel 
industry. This, of course, is an ambitious programme, and can- 
not be realized at once, but it will be the mark toward which the 
bureau will constantly strive.'' 

The Secretary of the Treasury within a few weeks will ap- 
point a visiting committee to consult with the Director of the 
new bureau on important matters of equipment, practice, etc. 
The iron and steel industry will be represented by a prominent 
chemist attached to one of the leading steel works of the country, 
and an equally eminent electrical expert will represent that in- 
dustry. In this way the institution will enjoy the advantaged to 
be derived from the advice of men who not only possess high 
attainments in the scientific world, but who in addition are 
thoroughly practical. — Iron Age, April 25, 1901. 

Distinctions for Metallographists. — The honorary degree of 
Doctor of Science has been conferred by the Victoria University 
upon Sir William Roberts- Austen, K.C.B. Mr. F. Osmond has 
been awarded the Vaillant Prize by the Paris Academy of Sciences 
for his researches on metals and alloys. The Swedish Techno- 
logical Society has awarded the Polhem Prize to Mr. J. A. Binell. 
Prof. H. M. Howe has been created a Knight of the Legion of 
Honor. 

Metallography at the Technical Schools. — Harvard Uni- 
versity. — Mr. Albert Sauveur has been appointed Assistant 
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The formula FeSi calls for 33.33 per cent of silicon and 66.67 
per cent of iron. 

2. The same samples were exposed for fifteen days to the 
action of cold and very dilute sulphuric acid (5 parts of acid in 
100 parts water. A complex residue was obtained made up prin- 
cipally of carbon, various silicides and of some silicic acid (itself 
due, undoubtedly, to the decomposition of certain silicides). 

By treating this residue with a hot, dilute solution of caustic 
potash both the silicic acid and the ferrous silicide were removed, 
while the hydrates of iron and manganese were dissolved by dilute 
sulphuric acid, either alone or mixed with a few drops of oxyge- 
nated water. The residue is then washed and gently ignited. 
Finally a magnetic powder is separated from the residue. 

The analysis of this magnetic part shows that it consists of 
a compound having the formula FcgSi (20 per cent of silicon and 
80 per cent of iron), four experiments having yielded the fol- 
lowing results : 

In 100 parts of metal : 

I II III IV 

Silicon . . 0.0473 0.0902 0.1 197 0.1410 
Iron . . 0.1918 0.3625 0.4886 0.5665 

or in 100 parts of silicide : 





I 


II 


III 


IV 


Silicon 


19-75 


19.86 


19.68 


19.94 


Iron 


79.92 


79.85 


80.36 


80.07 



3. Some samples of silico-spiegels containing 20 per cent of 
manganese and 12 per cent of silicon were treated in the same 
way. A residue was obtained consisting of free carbon, and of a 
double silicide of iron and manganese, which in five experiments 
was found to have the following composition : 





I 


II 


III 


IV 


V 


Silicon 


15.40 


15.80 


14.10 


14.04 


14.00 


Iron 


68.25 


68.60 


68.80 


69.15 


71.22 


Manganese 


15.10 


14.70 


16.30 


16.80 


14.58 



These various compositions answer fairly well to the general 
formula MgSi, in which M represents the sum of both metals: 
iron and manganese. 
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The presence of a large proportion of manganese, appears to 
cause, therefore, an important modification in the composition of 
the metallic silicide. 

4. Upon pulverizing several samples of ferromanganese, 
whose mass was not sensibly magnetic, it was found that it con- 
tained, nevertheless, some particles attracted by the magnet. 
These particles were relatively poor in manganese, but much richer 
in silicon and iron than the metal as a whole. Three samples of 
ferromanganese, for instance, gave the following composition : 



Iron 

Manganese 
Silicon . 



I 


II 


III 


40.30 


42.60 


68.83 


51.60 


51.15 


27.10 


0.55 


1.04 


0.95 



It was possible by means of a magnet to separate from the 
powder about 3 per cent of magnetic particles which were found 
to have the following composition: 



Iron 

Manganese 
Silicon . 



I 


II 


III 


88.20 


84.02 


89.80 


7.20 


9-45 


2.90 


3-95 


6.44 


6.50 



These particles were treated successively with very dilute 
acid, caustic potash and again dilute acid, and left a residue which 
proved to be the silicide FcaSi, previously found in ferrosilicons 
containing little manganese.* 

It may be concluded from the above experiments that ferro- 
silicons contain two combinations of iron and silicon, corre- 
sponding respectively to the formulas FeSi and FcaSi. They may 
also contain, when they are sufficiently rich in manganese, like 
silico-spiegels, a silicide answering to the formula MoySi, calling 
for quite a large proportion of manganese. 

The compound FCgSi, prepared for the first time by Hahn,t 
had been obtained by Mr. Moissan in an electrical furnace.J 
It has also been very recently isolated by Mr. Lebeau from indus- 
trial ferrosilicons prepared in an electric furnace and containing 
from 10 to 20 per cent of silicon.§ 

* Comptes Rendus, CXXVIII, page 933. 

t Annalen der Chemie und Pharmacie, CXXXI, page 57. 

t Comptes Rendus, CXXI, page 621. 

§ Comptes Rendtis, CXXXI, page 933. 
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in dilute sulphuric acid, reduced with metallic zinc and titrated 
with permanganate ; in the other portion the organic matters were 
destroyed by chromic acid and the phosphoric acid precipitated 
with ammonium molybdate. 

We give here the results obtained in three such analyses: 

I II III 

Phosphorus . . . 0.0068 0.0336 0.0030 
Iron 0.0360 0.0180 0.0152 

or in percentage : 

I II III 

Phosphorus . . . . 15.9 15.7 16.5 
Iron 84.1 84.3 83.5 

The phosphide of iron present in cast iron and steel, cor- 
responds, therefore, to the formula FCgP, whose theoretical com- 
position calls for 15.60 per cent of phosphorus and 84.40 per cent 
of iron. 

Leopold Schneider had obtained, under slightly different con- 
ditions, a nearly identical result.* It is also the formula found 
long ago by Schrotter, Hvoslef and Percy for the phosphides pre- 
pared in the laboratory. 

In order to ascertain whether this compound was still present 
in quenched steel, a sample of quenched steel containing 0.35 per 
cent of carbon, 1.48 per cent of manganese and 0.37 per cent of 
phosphorus, was treated in the same way. Ten grammes of the 
metal yielded an insoluble residue containing 0.0332 grammes of 
phosphorus and 0.165 grammes of iron and free from manganese. 
The condition of the phosphorus is not therefore modified by 
quenching in the case of steel containing manganese.f 

Arsenic. — In dissolving cast iron or steel containing much 
arsenic in double chloride of copper and potassium, the whole of 

* Oesterreichische Zeitschrift fiir Berg- und Huttenwesen, page 735, 
1886. 

t The present paper was already printed and ready for circulation, 
when we noticed in Engineering for October 19, 1900, the first part of a 
very interesting investigation on the phosphides of iron, recently presented 
to the Iron and Steel Institute by Mr. J. E. Stead. 

The authors review briefly here the results obtained by Mr. Stead. 
The reader is referred to the last three numbers of The Metallographist 
in which Mr. Stead's paper was published in full. — Ed. 
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Fe8C.4Mn«C for a manganese content varying between $5 and 74 per cent 
Fe8C.2Mn8C " " " 74 and 60 

2 FesC.MnsC " " " 60 and 30 

4 FeaC.MnsC " " below 18 






It is this last carbide, containing the smallest amount of 
manganese, which seems to be present in cast iron and spiegel- 
eisen. The carbide is insoluble in acetic acid but soluble in dilute 
sulphuric acid and is decomposed by cupric chloride. 

6. The excess of combined carbon is found combined with 
iron, principally as cementite FcgC, insoluble in dilute acids, and to 
a small extent, as an ill-defined sub-carbide, acted upon by acids. 
The carbon, which is dissolved at a high temperature, separates 
during cooling in the graphitic state, leaving part of the iron free 
or possibly in combination with hydrogen. 

Chemical Constitution of Ordinary Cast Iron 

As an example of the application of the principles just de- 
scribed let us propose to ascertain the constitution of a sample of 
cast iron whose ultimate analysis is known. 

The composition was as follows : 

Iron 94.00 

Silicon 0.63 

Phosphorus 0.15 

Arsenic 0.05 

Sulphur 0.12 

Manganese 2.00 

Combined carbon 2.45 

Graphite 0.60 

100.00 

The solution in dilute sulphuric acid left a residue consisting 
of carbide of iron, silicide of manganese and graphite, which 
represented, after washing with alcohol and drying at 180° Cent., 
25.92 per cent of the weight of the cast iron. 

The analysis of the residue indicated the following composi- 
tion: 

Silicon .... 0.21 ) ^ ,, r,. 

. _ > or 0.62 per cent MnSi 

Manganese . . 0.41 ) 

Graphite 0.60 

1.22 
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FcgC (by difference) =25.92 — 1.22 = 24.70 per cent. 

0.12 per cent of sulphur entirely combined with manganese 
give 0.33 per cent of sulphide of manganese; 0.15 per cent phos- 
phorus combined with iron give 0.96 per cent of phosphide. The 
excess of the manganese, which is not combined either with sul- 
phur or with silicon, exists as a double carbide corresponding to 
the formula 4Fe3C.Mn8C. 

The chemical constitution of the cast iron is, therefore, as 
follows : 



Sulphide of manganese, MnS . 0.33 

Phosphide of iron, FesP . . 0.96 

Silicide of manganese, MnSi . 0.62 

Double carbide of iron and man- 
ganese, 4 FesC. MnsC . . 7.48 

Carbide of iron, FegC . . . 24.70 

Carbon as ill defined subcarbide 0.32 
Graphitic carbon . . . 0.60 
Free silicon .... 0.42 
Free arsenic .... 0.05 
Iron free or combined with hydro- 
gen, or as undefined carbide . 64.52 



Manganese 0.21 

Sulphur 0.12 

Iron 0.81 

Phosphorus 0.15 

Manganese 0.41 

Silicon 0.21 

Manganese i .38 



Iron 
Carbon 
Iron 
Carbon 



5.60 

0.50 

22.07 

1.63 



100.00 



Part II 

Rarer Elements Found in Special Steels (Chromium, 
Tungsten, Molybdenum, Titanium, Copper, Nickel). 

Chromium. — In our first investigations we used some 
chromium steel owing to the difficulty of dissolving ferro- 
chromes in acids. Later, however, we succeeded in dissolving 
them. 

I. Two samples of ferro-chromes of the following composi- 
tion were used : 

Chromium 57.6 59.1 

Iron 32.6 32.3 

Carbon 9.9 9.1 
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formula 3Fe8C.2Cr3C2* made up of the two single carbides^ 
FegC and CfgCa- 

More recently, Mr. Williams prepared in an electrical furnace 
two new double carbides, also belonging to the same series: the 
carbide Fe3C.2Cr3C2 and the carbide 2Fe3C.3Cr3C2.t 

We see in these facts additional reasons to assign the formula 
Fe3C.3Cr3C2 to the carbide found in commercial ferrochrome. 

2. Chromium steels when they are highly carburetted are 
easily dissolved in acids, even when diluted and cold, but much 
less readily when they contain only a small proportion of carbon. 
On the other hand if the steel be treated by double chloride of 
copper and potassium, the whole of the chromium remains in the 
insoluble residue, when the steel contains much carbon, while if 
it contains only a small amount of carbon, a portion of the chro- 
mium is found in the solution. This constitutes a very g^eat dif- 
ficulty in comparing the residues left by chromium steels contain- 
ing various amounts of carbon. 

Fairly good results were obtained, however, under the follow- 
ing conditions : 

Two samples of steel A and B, containing : 

Chromium Carbon 

A 2.35 2.00 

B 2.01 0.57 

were treated with cold and very dilute hydrochloric acid (7 per 
cent acid). The residues were found to have the following com- 
position : 

'A B A B 

Chromium . 0.1253 0-093i or in per cent 21.60 21.16 

Iron . . 0.4066 0.3126 " " 70.10 71.05 

Carbon . 0.0470 0.0334 " " 8.10 7.60 

Silicon . 0.0012 0.0014 " " 0.14 0.32 

The composition of residue A corresponds almost exactly to the 
formula FegCraCs whose composition is as follows: 

Chromium . 21.8 

Iron 69.9 

Carbon 8.3 

* Comptes Rendus, October, 1898. 

t These carbides, like the preceding one, were exhibited at the Ex- 
position (Class of Electrochemistry). 
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Mr. H. Le Chatelier based upon the electrical resistance. The 
slight influence exerted by these metals upon the tenacity of the 
metal, lead us to infer that they are isolated in the metallic mass 
in the condition of definite compounds,* and that they are not 
present as solid solution like silicon. 

Titanium. — Ferro-titanium may be dissolved either by 
acids or by the double chloride of copper and potassium. In both 
cases the residue consists of titanium free from iron. 

Two grammes of a ferro-titanum containing 48.6 per cent of 
titanium upon being dissolved in hydrochloric acid left a residue 
consisting of 0.968 grammes of pure titanium; five grammes of 
steel containing 4.62 per cent of titanium yielded as a residue 
0.230 grammes of that element. Titanium does not appear, there- 
fore, to be combined ; it remains unacted upon while the whole of 
the iron is dissolved. 

Copper. — The copper present in steel cannot be isolated by 
the action of double chloride of copper and potassium. This 
separation may be accomplished, however, by means of a weak 
acid, such as a 5 per cent solution of hydrochloric acid, but it 
is necessary that the air should be excluded during the opera- 
tion. Two grammes of steel containing 3.4 per cent of copper 
yielded in this way a residue consisting of 0.066 grammes of 
pure copper. The copper remained unaffected, therefore, with- 
out retaining any iron, and it might be inferred that it was simply 
dissolved in the metal. It might be asked, however, whether 
there had not been a precipitation by the iron of the copper in 
solution. This led us to use another reagent, which would not 
allow such uncertainty, and we selected, for that purpose, a solu- 
tion of ammonium chloride containing oxygenated water, care- 
fully neutralized. 

The iron is converted to ferric oxide, which can be separated 
through decantation. During the first days no copper is dis- 
solved. When traces of that metal begin to be found in the 
water from the decantation, the residue is carefully washed, dried 
with absolute alcohol, then with ether, and examined through the 
microscope. Some fine threads of pure copper may then be de- 
tected entangled in the mass not yet decomposed and sometimes 
extending quite far out of that mass. The appearance is alto- 

* Cotnptes Rend us. June 13, 1898. 
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It might also be noted that in the case of ferromanganese con- 
taining over 80 per cent of manganese, the double chloride of 
copper and potassium is not suitable for the determination of 
carbon, as it may result in a serious loss of carbon through the 
formation of hydrocarbons. 

Direct combustion of the fine powder in a current of oxygen 
yields much more accurate results. 



THE TEMPERATURE LIMITS FOR THE SEPARATION OF 
GRAPHITE FROM MARTENSITE IN PURE CAST IRON* 

By HUGH P. TIEMANN 

THE object of this thesis is to determine in the case of a pure 
cast iron the temperatures and conditions (if any) where 
the combined carbon is transformed into graphite, whether in 
its ordinary form or as temper carbon (Temperkohle of Led- 
ebur). By pure cast iron is meant a highly carburized iron as 
free as possible from all other elements (impurities). The com- 
plete absence of silicon is necessary on account of its well known 
effect in producing gray cast iron. 

* The result aimed at is of importance (a) from a purely 
scientific standpoint as tending to confirm or disprove the 
theories on the subject advanced by various scientists, particu- 
larly Roberts- Austen and Roozeboom, which are discussed below ; 
and (b) from a commercial point of view as having a direct bear- 
ing on the treatment of white cast iron in the manufacture of 
malleable castings. 

Fig. I is the diagram presented by Roberts-Austen to illus- 
trate the results of his investigations as described in the " Fifth 
Report of the Alloys Research Committee. "f 

Fig. 2 shows the results obtained by RoozeboomJ from his 

* The following experiments represent work done in the Metallurgical 
Laboratory of Columbia University for the degree of A. M. under Prof. 
H. M. Howe, 1900-1901. 

t Read before the Institution of Mechanical Engineers, February 9, 
1899; The Metallographist, 1899, pages 186-222. 

t Zeitschrift f. phys. Chem., Vol. XXXIV, 1900. Article read before 
the Iron and Steel Institute. The Metallographist, 1900, pages 293-300. 
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Table Showing Structural Composition at Different Tempera- 
tures of an Iron Containing 4.5 per cent Carbon, 



- 


Above 


. 


a 


A . 





Below 




1 1 50* 


1130 + 


1130 - 


1000 + 


1000 — 


690^ ♦ 


Fe . 


95.5 


95-5 


95-5 


95.5 


95-5 


95-5 


C (total) . 


4.5 


4-5 


4.5 


4.5 


4.5 


4.5 


Graphite 




0.4 


2.6 


2.8 




— 


Martensite 






97.4 


97.2 


40.8 




Cementite 










59-2 


65.8 


Pearlite . 












34.2 



In examining the literature on the subject in hand a curious 
state of affairs is discovered. In spite of the fact that it is gen- 
erally conceded that silicon (leaving sulphur and manganese out 
of the question) is a factor in determining whether white or gray 
cast iron is to be produced, this seems to have been either totally 
forgotten, or else deemed of such small importance that in re- 
searches on cast iron its presence is neglected. In a good many 
cases it is not even stated whether it is present, or, if mentioned, 
it is merely in an analysis along with the other impurities, and the 
subject dismissed without further notice. To give an illustration 
of the way in which results are presented the following researches 
of Stansfield* may be cited : 

" The fact that slowly cooled iron, when rich in carbon, con- 
tained very little carbon in the combined state has long been 
known in the case of pig irons, in which, however, the simul- 
taneous presence of silicon somewhat complicates the problem. 
Perhaps the earliest experiment in which pure materials were used 
was one described by Dr. Percy ,t in which he melted pure iron 
(note how pure?) in crucibles brasqued with lampblack (see 
Note D for results with lampblack), and obtained a cast iron 
containing a little more than 4 per cent of graphite, and with no 
sensible amount of combined carbon." 

Farther on in the same article he discusses the relative forma- 
tions of graphite and cementite, and then mentions some experi- 



fr 



* " The Present Position of the Solution Theory of Carburized Iron, 
Part II. By A. Stansfield. Iron and Steel Institute, Paris meeting, Sep- 
tember, 1900. The Metallographist, 1900, pages 300-314. 

t Percy's "Metallurgy, Iron and Steel." 1864, page 113. 
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ments of his own, where the iron " was carburized by melting in a 
graphite crucible, packed in charcoal powder, and was subse- 
quently annealed for nearly two days at a temperature below that 
of its melting point, followed by very slow cooling." The ques- 
tion here is. How much silicon was taken up from the graphite 
crucible and the charcoal? In this example there is only a trace 
of combined carbon. Another example is given of a " more 
highly carburized iron, containing, when fluid, 7 per cent car- 
bon and 3 per cent silicon. Combined carbon 0.22 per cent. The 
section [a reproduction of a photograph] shows only ferrite and 
graphite." 

In a discussion of Roozeboom's paper on the phase-rule, Os- 
mond* cites *' an experiment of Mr. Royston,t who heated rapidly 
to 1030° C. and quenched some cast iron of the following com- 
position : 



Graphite carbon 
Combined carbon 
Silicon 
Sulphur . 
Phosphorus 
Manganese 



trace 




3.85 per 


cent 


0.29 


« 


0.03 


11 


0.02 


ii 


0.15 


u 



" After quenching, the metal contained 2.35 per cent of 
graphite and 1.50 per cent of combined carbon. 

" Since the quenching treatment suppressed the transformation 
EF (see Roozeboom's diagram) of the system mixed crystals -f- 
graphite into mixed crystals -f- cementite, the composition of this 
quenched cast iron would also represent its composition at a tem- 
perature of 1030° C. : the agreement with our provision is qualita- 
tively complete and quantitatively sufficient. The same experi- 
ment, however, in which the rapid cooling was replaced by slow 
cooling in the air, yielded the same proportion of graphite, but as 
it is accepted by all that the transformations graphite + mixed 
crystals into cementite must be slow, this fact is not abnormal 
and could have been anticipated." 

In the above example Osmond takes no notice of the silicon 
(0.29 per cent). From my results, which I will describe later on, 



* Bull, de la Soc. d'Enc, November 30, 1900; The Metallographist, 
1901, pages 150-61. 

t Journal Iron and Steel Inst,, 1897, I, page 166. 
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The composition of the carburized iron (see Notes B,*C, D) 
with respect to the carbon and silicon, was 

Combined carbon 4.271 

Graphitic carbon 0-255 

Total carbon ....... 4.526 

Silicon Nil 

For the sake of clearness, it may be mentioned again that the 
melted iron was poured into a large vessel of water at about 15°. 

In the experiments the following method of procedure was 
followed : the heats were all made in a magnesia crucible which 
was put in a small, experimental, electric furnace (Note E) de- 
signed by Prof. H. M. Howe. The temperatures were ascer- 
tained by means of a Le Chatelier thermo-electric pyrometer 
(Note F) which was placed in direct contact with the pieces of 
iron being treated. 

In all cases (except the last) the iron was quenched in iced 
brine ( — 5°) without any preliminary cooling. The quenching 
was done as soon as the iron had reached the desired temperature 
or after it had been held at that temperature for a definite length 
of time. The pieces of iron were packed around with magnesium 
oxide (c.p.), and a thin layer of sugar charcoal was laid over the 
top. Notwithstanding this precaution, the surface was somewhat 
oxidized, but all scale was carefully removed before analysis. 

In the table below are recorded the data obtained under the 
given conditions : 

Treatment of Cast Iron Free from Silicon 



Marked 



A 
B 
C 
D 
E 
F 
G 
H 
I 



Tempera- 
ture 



To maxi- 
mum tem- 
perature 



At maxi- 
mum 



Uri 


ginal 


sami 


906° 
1006** 


30 

10 


min. 
min. 


1 1 15** 


10 


min. 


996-1010° 
1056-1061° 


10 
15 


min. 
min. 


1113-1116° 


50 


min. 


1053** 
998-1012° 


10 

55 


mm. 
min. 



pie 



o 

o 

o 
I hour 
I hour 
I hour 

o 
3 hours 



Tempera- 




ture of 
quenching 


Graphite 


water 




iS° 


0.255 


-5° 


0.260 


-5° 


0.261 


-s: 


0.263 


-5° 


0.252 


-5" 


0.268 


-5° 


0.262 


-5° 


0.254 


-5° 


0.264 



Total 
carbon 



4.526 
not det. 
not det. 

4.254 
not det. 
not det. 
not det. 
not det. 

1.972 
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From an examination of the above it will be seen that the 
graphite remains practically constant throughout. As this is the 
reverse of the method employed in the experiments which sup- 
plied the data for Roozeboom's diagram, i.e., heating instead of 
cooling, another sample was cooled before quenching, as shown 
below : — 



Treatment of Cast Iron Free from Silicon 



•s 

u 

IS 


Temperature 


Thermal treatment 


Temperature of 
quench, water 


Graphite 


Max. 


When 
quenched 


To maxi- 
mum 


At maxi- 
mum 


Fr. max. 
to temp. 

when 
quenched 


Before 


After 


J 


1300* 


1040" 


50 min. 





8 min. 


24° 


0.255 


0.677 



This last result would tend to prove Roozeboom's deductions, 
while the preceding go to show that the reverse action does not 
take place. Perhaps silicon exerts some catalytic action, ex- 
amples of which are fairly numerous in chemical reactions (e. g., 
the presence of a trace of moisture being necessary for the com- 
bination of H and CI.). The fact that a large portion of the carbon 
has been burned off in " I " would not necessarily show that the 
graphite rather than the combined carbon had suffered a loss. 
For in the preparation of malleable castings the pieces are packed 
in iron oxide, and graphite is formed in abundance, although, of 
course, the total carbon is not removed to quite the same extent. 
That the explanation for the graphite formed in the experiments 
quoted earlier in this paper would seem to be due largely, and in 
some cases solely, to the silicon present, is borne out by the fol- 
lowing experiments made with an iron containing 

Graphitic carbon 0.938 

•Combined carbon 3-438 

Total carbon 4-376 

Silicon 0.75 

the Other impurities being the same as in that marked " A." As 
in the case of " A/' it was poured, when molten, into a large vessel 
of water at about 15°. 
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Treatment of Cast Iron Containing 0.75 per cent of Silicon 



Marked 



AA 
BB 
DD 



Tempera- 
ture 



To maxi- 
mum 

tempera- 
ture 



At 
maximum 



Original sample 
975" 15 min. o 

1125° 3<^. min. o 



Tempera- 
ture of 
quench, 
water 



'5' 

-5" 
-5' 



Graphite 



0.938 
1.690 
2.795 



Total 
Carbon 



4.376 
not det. 
not det. 



The fact that graphite was formed below the critical tem- 
perature of 1000° shows that, granted Roozeboom's deductions 
and critical points are correct (in the case of an iron containing 
nothing but carbon), some impurity present must be the cause, 
and since silicon is the only feature in which " AA " differs from 
" A '' (except that it contains slightly less total carbon) this 
would seem to be it. 

That the activity of the silicon is a function of the tem- 
perature (as shown by the increased amount of graphite in 
" DD " over " BB ") seems perfectly plausible owing to the 
greater plasticity of iron at the higher temperature. 

The silicon present would then explain the results obtained by 
Royston (quoted above) and would also offer a reason why the 
graphite formed on heating was not converted into cementite on 
cooling, although Osmond's explanation is doubtless niore nearly 
correct. 

A cooling curve was tried, but without any very satisfac- 
tory results. The transition point at 690° was found without 
any difficulty, but there were no other distinct retardations. 
Several explanations can be offered for the difficulty of find- 
ing the higher points: (a) because the cooling could not be 
made sufficiently slow in any of the furnaces in the laboratory ; 
(b) as shown in the experiments, the process is not reversible, 
and consequently the transformations which occur during the 
first cooling remain unchanged when the iron is heated up, and, 
therefore, do not take place again on subsequent cooling.; (c) at 
very high temperatures the surface of the iron is rapidly decar- 
burized, and, of course, this is the part with which the couple is in 
contact. The best means for getting the critical points (on the 
first cooling) would be by the use of a differential couple such as 
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gether with some others bearing on the subject which were 
worked out this summer at the Boston Testing Laboratories, 
thanks, in large part, to the advice and suggestions of Mr. 
Sauveur. Judging by the lustre alone (cementite has a remark- 
able and peculiar lustre much more pronounced than in the case 
of austenite, as seen in other specimens) the uncolored con- 
stituent, both in the plates and the eutectic, would seem to consist 
entirely of cementite. 

Note A 

Calculations for the Table Showing the Structural Composition 
at Different Temperatures of an Iron Containing 4.5 per cent 
of Carbon. 

The iron has the ultimate composition 

Fe 95.5 per cent 

c 4.5 



it (t 



Above 1130° the carbon in excess of 4.3 per cent separates 
out as graphite. 

Graphite = 4.5 — 4.3 X 0.955 = 0.4 per cent. 

At 1130° the eutectic forms, consisting of graphite and mar- 
tensite with 2 per cent of carbon, hence the additional graphite 
which separates out 

= 4.1 (4.5 — 0.4) — 2 X 0-955 = 2.2 per cent. 

The total graphite=2.2+o.4=:2.6 per cent and the marten- 
site = 100 — 2.6=97.4 per cent. 

From 1 130** to 1000° there is a decrease in the riiartensite 
from 2 per cent, to 1.8 per cent. 

Hence there is a further separation of graphite which= 

1.9 (4.1 — 2.2) — 0.955 X 1-8 =: 0.2 per cent 

The total graphite is then 

0.2 + 2.2 + 0.4 = 2.8 per cent, 
and the martensite 

= 100 — 2.8 = 97.2 per cent. 
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contains 1.8 per cent C. So the amount of graphite needed 
would be 6.4 — 1.8=4.6 per cent. 

If ;requals the amount of cementite formed from the graphite 
present we have 

97.2 : or = 4.6 : 2.8, 

whence, x =: 59.2 per cent, 

and the martensite remaining 

= 100 — 59.2 = 40.8 per cent. 

Below 690° the martensite is converted into pearlite and 
cementite, hence there must be an increase in the cementite as the 
pearlit^ contains 0.85 per cent C. This is calculated as follows : 

Pearlite =: x per cent 

Cementite =13;" " 
(i) ^ + 3; = 40.8 

(2) 0.85 X + 6.7 3; 1= 1.8 X 40.8 

Multiplying (i) by 0.85 and subtracting from (2) we get 

5.85 y = 38.76 
3; = 6.6 
X = 34.2 

Hence the total cementite= 

59.2 + 6.6 = 65.8 per cent, 
pearlite = 34.2 " " 



Note B 

Preparation of Sugar Charcoal 

A large iron dishpan, about 18 inches across and 5 inches 
deep, is supported on a suitable tripod, and two Bunsen burners 
are placed underneath. The burners are lighted, and i pound of 
granulated, white sugar is poured in. The mass soon melts and 
boils up with evolution of steam and small quantities of hydro- 
carbon vapors of characteristic odor and having the property of 
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on the top in balls, the centres of which are dry, and which are 
hard to break up and go into solution with difficulty. 

The ground charcoal is put in a dish and enough of the dex- 
trine solution stirred in to make the mass coherent without being 
soggy. If the charcoal be too moist it cannot be compressed by 
ramming, but remains in a condition resembling soft jelly, while 
if not soft enough it crumbles upon drying. 

A layer is spread in the bottom of the crucible and tamped 
down well. Then a core consisting of a smaller-sized crucible 
is placed inside and the charcoal packed around as firmly as pos- 
sible. The core is then gently removed and the lining dried. 
This drying takes several days and at first the temperature should 
not be above 150°. Too rapid heating at first causes the lining to 
crack and crumble. Before using, the crucible should be tested 
by heating to a bright, cherry red. 



Note D 

Carburizing the Iron 

As is well known silica (SiOg) is readily reduced at a fairly 
high temperature in the presence of iron which combines with 
it and thereby prevents its subsequent oxidation, except under 
special conditions. Considerable difficulty was experienced in 
preventing this reduction, as a very slight amount of silica in the 
crucible and other materials used made its appearance in the re- 
sulting iron. Ordinary charcoal was barred for this reason, and 
lampblack also, as a trial resulted in the iron showing a content 
of about 0.5 per cent silicon. Other commercial forms of carbon 
were not tested on account of their known impurities (principally 
SiOJ. 

Sugar charcoal was finally adopted and with entire suc- 
cess. The ash produced on the combustion of purified cane sugar 
is inappreciable. This is the form of charcoal that Moissan* 
used in so much of his work. (For the method of carbonizing see 
Note B, and for brasquing the crucible Note C). 

When this charcoal was first used, an unforeseen accident oc- 

* "Le Four Electrique." 
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tain the heat as far as possible the furnace was packed in lime. 
As resistance two rheostats in series with the furnace were used ; 
(a) a fixed resistance consisting of iron wires submerged in 
water* and (b) a changeable resistance made by moving a sliding 
contact along a coil of iron wire wound on an insulated iron pipe.t 

The two chief points aimed at and attained in the use of this 
furnace are high temperatures and close regulation. Iron con- 
tained in the crucible was several times heated up to a tempera- 
ture of about 1400°. With a little practice the temperature could 
be kept indefinitely with variations of less than 5° ; thus, a sample 
w^s kept for one hour at from 1021-1026°, a change of 5°, and 
another sample for one hour at 1113-1116°, a change of 3°. As 
the rheostats and furnace heated up, slight regulation was neces- 
sary to keep the current constant. 

As very small changes in the current made very large 
changes in the resulting temperature, and as the heating of the 
circuit exerted a variable influence, no definite relation between 
amperes and temperature can be given; 31 to 33 amperes were 
found to be .sufficient, in the heats made for one hour and three 
hours, to keep the temperature constant at points between 1000° 
and 1200°. 

As was mentioned above, the platinum wire used was No. 18. 
Two lengths, each 36 inches long, were twisted together, thus 
making them the equivalent of one No. 15 wire. The object in 
using two wires was to present as much heating surface as pos- 
sible. 

A set of figures (from one of several preliminary tests made) 
may be of interest, as showing, principally, the resistance of the 
wire with increasing temperatures. In this case no attempt was 
made to keep the temperature constant. The wires can carry 53 
amperes, but it was found best (and to answer all requirements) 
not to go above 45. 



* "Immersed Rheostats vs. Water Rheostats," by Parks Rucker, 
American Electrician, February, 1901, pages 72-4. 

t As designed and used by the Electrical Engineering Department of 
Columbia University. 
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Table Showing Variables in the Electric Furnace with Couple 

inside Crucible 



Amperes 


25 


36 


50 


52 


52.5 


Volts 


3-25 


9.5 


15-5 


16.75 


18.5 


Ohms ..... 


0.13 


0.26 


0.31 


0.33 


0.35 


Deflections (pyrometer) . 





6.7 


11.7 


13-1 


16.6 


Temperature (4- cold junction) 


29- 


621*' 


1029° 


1126'' 


1401* 


Time (minutes) 





5 


10 


15 


19 



Note F 

Standardising the Thermo-Electric Couple 

The pyrometer consisted of a couple formed from wires of 
platinum and of platinum, with 10 per cent rhodium, with a 
Deprez-d'Arsonval galvanometer for measuring the current. It 
was calibrated in the usual way, the substances and fixed points 
with the corresponding deflections being as follows : 



Substance 


Point 


Temperature 


• 

Cold function 


Deflection 
' scale 


Water 


Boiling 


100 


23 


0.63 


Naphthalene 


Boiling 


218 


23 


1-75 


Zinc 


Melting 


420.6 


23 


4.0 


Sulphur 


Boiling 


444.6 


23 


4.35 


Aluminium 


Melting 


660 


23 


6.92 


Zinc 


Boiling 


930 


23 


10-35 



The method generally followed in the laboratory was to plot 
the curve directly, i.e., with deflections as ordinates and degrees 
of temperature between the hot and the cold junction as abscissae. 
This method, after several trials, was found to produce invari- 
ably a slight curve.* In the reference given this is mentioned, 
and several other methods of plotting the results are shown. The 
logarithmic curve was the one chosen for the present work, and 
a perfectly straight line resulted. This method has the advantage 
over the direct of avoiding the error (possibly of several degrees) 

* " Contributions from Phys. Lab. of Mass. Inst, of Tech.," XLIV. 
— Thermo-Electric Interpolation Formula, November 15, 1895, S. W. 
Holman. 



332 



The Metallographisi 



due to the impossibility of accurately locating every point in 
the curve. The one drawback to the logarithmic curve is the 
fact that the size of the logarithms does not increase propor- 
tionately with that of the numbers, making the higher values 
somewhat close together. This trouble should not exist, provided 
the curve is plotted on a moderately large sheet of paper. 



IRON AND PHOSPHORUS 

By J. B. STBAD 

(Concluded from page 2j6) 

Part III 

Constitution and Microstructure of Pig Metals Con- 
taining Iron^ Carbon^ and Phosphorus 

IT was (^) Sir Frederick Abel who first discovered that on 
breaking phosphoretted pig irons just after solidification 
sometimes a little fluid metal ran out from the central por- 
tion, which contained considerably more phosphorus than the 
average of the pig iron from which it liquated. Since that time 
many observers have confirmed this result. 

In 1870 I subjected to hydraulic pressure in a properly pre- 
pared mould Cleveland pig iron after practically the whole of it 
had solidified. The git or runner was left open when the pres- 
sure was applied, with the result that a small quantity of metal 
was squeezed out. The original metal and fusible portion had the 
following analysis, viz. : — 



Carbon 
Manganese 
Silicon . 
Sulphur 
Phosphorus 



Original Metal 
No. 4 Brand 



Per Cent 
3.00 

0-35 

1.63 

0.12 
1-53 



Portion 
Squeezed Out 



Per Cent 

1.75 
0.29 

0.79 

0.06 

6.84 



(^*) Mr. Osmond has described certain experiments of his 
in which he proved the existence of a critical point in the solidifi- 
cation of phosphoretic pig iron at about 900° C. The analysis 
and critical points were as follows :— 
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Pkosphoretic Metal 



Graphite carbon 
Combined carbon 
Manganese 
Silicon . 
Sulphur 
Phosphorus 



Per Cent 

1.50 
1.20 

0.74 

1.89 

0.03 

1.98 



Critical Points 



Cooling 
Heating 



HI 


II 


I 


1065 
1050 


1025 
1040 


895 
910 



An, 2,: 



698 
800 



Comparative analysis and critical points of haematite pig iron 
containing practically no phosphorus are given below. These are 
also by Mr. Osmond, viz. : — 



Hcematite Metal 



Graphite carbon 
Combined carbon 
Manganese 
Silicon . 
Sulphur . 
Phosphorus 



Per Cent 
2.25 
1.04 
0.1 1 

2.45 
0.06 

0.054 



Critical Points 





Solidifying 
• Point 


II 


I 


• 

An, 2, 3 


1 

Cooling .1 1240? 
Heating — 


1 
1 140 : 1090 

1 1 55 ' 1 100 

1 


708 
780 



The characteristic difference between the two irons is, that 
in haematite pig iron there is an absence of a critical p)oint at about 
900° C. Mr. Osmond proved that this was peculiar to phos- 
phoretic iron, and showed by experiments made by Mr. Len- 
cauchez (^^) that a compound high in phosphorus existed in pig 
iron which was more fusible than the greater mass of the iron. 
The results quoted are as follows : — 
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loo kilos, of Longwy iron were heated to 950** C. in a re- 
ducing gas for 100 hours. When cold, although the pieces had 
preserved their form, on the surface was observed a multitude of 
little spherical metallic particles like small lead shot. Some of 
these had joined together and run off the surface and had fallen 
on to the bottom of the retort, where they solidified. The follow- 
ing analyses give their composition, viz. : — 



Combined carbon 
Graphite . 
Silicon 
Phosphorus 




Liquate 



Per Cent 

1.50 
2.17 
4.40 



Previous to heating, the metal contained 



Per Cent 

Carbon 3.50 

Silicon ......... 2.60 

Phosphorus ........ 1.90 



The analysis of the shot, it will be observed, closely resembles 
the analysis of the metal which in my own experiments I squeezed 
out of Cleveland pig iron by hydraulic pressure. 

The phenomena observed by Mr. Lencauchez are peculiar to 
metals containing small quantities of a fusible eutectic, or a con- 
stituent which is more fusible than the greater mass, for I have 
found that it is only necessary to heat such alloys or compounds 
a little above the melting-point of the eutectic for small globular 
exudations to pass out of the metal, forming little shot-like bodies 
all over the surface. It is not difficult to understand how this 
occurs, for as soon as the temperature is raised slightly above 
that of the liquefied eutectic it expands, and a portion of it comes 
out of the metal in which it was imprisoned. There is also always 
a tendency in heterogeneous mixtures of metals for that part 
which is in greater mass to throw off the others in contact with it ; 
hence small quantities of the eutectics, where it is physically pos- 
sible, are thrown into large segregated areas or entirely outside 
the mass. 
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I have most carefully repeated Mr. Osmond's experiments, 
and find that in Cleveland iron, when it is slowly cooled from the 
molten state, there is a critical point at about 900° C, thus con- 
firming his observation. The pure eutectic of phosphorus and 
iron solidifies at about 980° C, so it is clear the eutectic solidify- 
ing at 900° C. must have a different composition. 

On melting together some of the phosphide of iron eutectic 
with carbide of iron, the eutectic formed solidified at 910® C. A 
similar result followed on cooling a mixture of silicious i)ij^ iron 
with the pure eutectic. 

Leopold Schneider succeeded in isolating the free phos- 
phide of iron from phosphoretic pig irons by clissolving them in 
cupric chloride, and found it to correspond to the composition ex- 
pressed by the chemical formula FCgP. 

In order to isolate the eutectic from grey Cleveland iron con- 
taining 1.56 per cent phosphorus, some lumps of it were dis- 
solved in dilute acid. The residue, containing graphite and de- 
composition products of the phosphide in solid solution, and the 
eutectic and carbide of iron, had the two latter bodies removed 
from it by a magnet. The material so attracted was treaterl with 
cupric chloride to decompose the free carbide of iron, and the 
phosphide eutectic remaining was attracted from the residue tnag- 
netically. On testing a ver>' small i>ortion of what was obtained, 
it yielded about 0.70 per cent silicon, A sca^nd f>ortion ground 
to powder in an agate mortar was treated with nitric acid of 
specific gravity 1.20 to remove the s<^>luble iron and silicide, 'I'he 
residue contained 15.1 per cent phosphorus instead of 15.56 per 
cent. It may be considered to be nearly pure I'cvP, 

It would appear from this result that silicide of ir*^^ dift- 
solved in iron is a constituent of the phf^ph'uUt <rutectic of grey 
silicious pig irons. 

The last fluid pfjrtifm s^jueez<rd out of Cl^rveland j/i^ mm 
referred to on page 59, shows that fr^ym a f^yrge 'mm amUiimuf^ 
1.63 per cent of silicryn, what wa?^ <(rxpreit^<I tymi^iinf^l o.yfj ifi^ 
cent silicon, and 1,75 fxrr c/(rrit <:ar!>^yn, and «<rarly 7 \f^r «>tnii 
phosphorus. 

The cxaiCtt rf/mym%ym of «rwt/fr/tk> m f/5^ mm i^'yhmtly r^- 
quires nxyr-e car^ritisH ^tta^v. h h>i a ^/yrr^^r^'J-rfaii diffi<-^H ^ul>j^x-i 
to masier^ iym h \>i U/^i tiJiiati \}^: i^/r^r^^mn^ r<rr?jark^ will l^M 
others !io exidtav'yr !io taikK: vp ^hh mi^^^tm''^ t/r^mU of r^■rJ^^ar<:h.. 
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Combined carbon 
Graphite 
Manganese . 
Silicon . 
Sulphur 
Phosphorus * 



Phosphorus in solid solution 



Phosphoretic 



0.29 



Non- 
Phosphoretic 



Per Cent 


Per Cent 


0.12 


0.2$ 


3-59 
0.69 

2.76 


3.86 
0.76 
2.83 


0.05 


0.04 


1.49 


0.04 



0.03 



* Equal to phosphide of iron, 9.50 per cent, 0.25 per cent. 

The irregular white areas in the centre of the photographs 
are the phosphide eutectic. 

When haematite metal is strongly etched, so as to darken the 
ground-mass, and is examined with vertical light, the specks of 
brilliant phosphide stand out in bold relief, and appear like the 
stars on a clear night, the number and size depending on the 
quantity of phosphorus present and the rate of cooling. When 
rapidly cooled, they are greater in number but are more widely 
distributed, whereas in the same slowly cooled material they are 
less numerous but of greater mass. 

It is advisable to etch strongly when looking for phos- 
phorus, and to examine with a high power, when the compound 
character of the phosphide eutectic will be easily identified. 

The structure of chilled and white haematites has not yet 
been thoroughly studied; they are therefore reserved for future 
research. 

In grey irons the amount of the eutectic is proportional 
approximately to the amount of the phosphorus, so that almost 
any one with a little practice, and with a standard series of 
sections, can now, in a few minutes, grind and polish a sample 
of metal, and approximately estimate the proportion of phos- 
phorus present in it. 

In grey pig iron cooled in not too large masses, even in the 
forge grey quality containing nearly 0.7 per cent combined car- 
bon, the phosphide eutectic is invariably found in the same 
position. 

When the metal is cooled very slowly, and when there is 
little silicon present and some combined caHx>n, the latter is 
found in segregated cementite or carbide of iron ; but this, unlike 
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the phosphide, is found surrounding and adhering to the graphite 
plates, but the phosphide eutectic is quite separate from the car- 
bide and as far as possible from the graphite. 

Ah interesting instance of this has been found in what was: 
alleged to be a natural iron found on the top of a mountain in 
Norway. On breaking it, it was found to be a coarsely grained 
dark grey cast iron with a hackly fracture, the analysis of which^ 
as made by one of my pupils, Mr. John Evans, was as follows,, 
viz. : — 











Per Cent 


Iron 95-192 


Combined carbon 








0.720 


Graphite 








3-030 


Manganese . 








0.200 


Silicon 








0.520 


Sulphur 








0.016 


Phosphorus . 








0.322 


Nickel . 








Nil. 




100.000 



The lump of metal was about 5 inches square and 12 inches 
long. Whether or not it was a natural product is doubtful, 
but that it had cooled exceedingly slowly in passing from the 
liquid state was evident, for the carbon which, under less slow 
cooling, would have existed as pearlite, was massive cementite 
enveloping the graphite. 

White phosphoretic irons are not quite so easy to judge as 
to the proportion of phosphorus present. 

The presence of large masses of carbide of iron makes it 
impossible to tell which part is phosphide and which carbide if 
the simple etching method is employed; it is necessary, there- 
fore, to use the " heat-tinting " process. 

By heating till the pearlite is blue, as a rule, the cementite 
will be found red and the phosphide yellow. It is then quite 
easy to see the proportion of each, and where the eutectic joins 
the carbide. It has been found better first to etch with iodine 
to darken the pearlite, and after wiping the specimen with a 
clean linen rag, to heat till the required tint is obtained. This 
method leaves the pearlite dark. If the structure is to be photo- 
graphed, it is advisable to heat until the carbide has assumed a 
faint yellow tinge, when the phosphide will remain quite white. 
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By using isochromatic plates, the prints show the phosphides 
white, the carbide in half-tone, ah'd the pearlite dark. 

The photographs Xos. 16 and 17 represent areas of white 
Clarence pig etched with iodine, and also heat-tinted in the man- 
ner described. It will . be noticed how the heat-tinting in No. 
17 shows up the phosphide, which is represented by the white 
areas. 

Summary of Part III ' ' 

' •' • 

1st. There are fusible eutectics in all pig irons containing 
phosphorus, and which have solidifying points of about 900° C. 

2nd. The free phosphide of iron can be left insoluble from 
such irons by dissolving them in cupric chloride (Schneider's 
method), or by nitric acid of specific gravity 1.20 in the cold. 
By attracting the magnetic portions of phosphide from the resi- 
due with a magnet, and further pmrif ying what is attracted, almost 
pure FesP is obtained. 

3rd- With the aid of the microscope it is possible to detect 
the phosphide eutectic in pig irons, even when the amount is as 
low as 0.03 per cent. 

4th. In white irons it is necessary to use the heat-tinting 
process to enable the cementite to be distinguished from the 
phosphide. 

5th. The eutectics irom such irons have a very complex 
constitution, containing phosphide of iron, carbide of iron in 
plates, pearlite, and silicide of iron. They deserve more care- 
ful study. 

6th. The reason why phosphoretic pig irons are not more 
brittle than they are is because the eutectic separates into iso- 
lated segregations, and does not form continuous cells round 
the crystalline grains. When the phosphorus does not exceed 
1.7 per cent the metal is comparatively strong, but an addition 
of 0.3 per cent reduces the strength materially, the reason of 
which is that the eutectic brittle areas in metal with 2 per cent 
P approach each other closely, leaving less of the strong ground 
mass intervening. 
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Part IV 

On the Diffusion of Phosphide of Iron in Iron 

(®) Professor Arnold and Mr. MacWilHam have shown that 
phosphide of iron will diffuse from iron containing 1.36 per 
cent phosphorus into pure iron, when they are placed in close 
contact and are heated in vacuum to 1000° for ten hours. 

The relative speed of diffusion of carbon and phosphorus 
was found to approximate to the ratio of 5 to i. 

That phosphide of iron does diffuse in iron has been fully 
confirmed by the observations made in my laboratory. One 
notable instance of diffusion was furnished in a remarkable sam- 
ple of iron found in the hearth of one of the Ferryhill blast-fur- 
naces after it had been blown out. 

As a rule, the " bears " from furnaces are highly car- 
buretted and are associated with much graphite, but this sam- 
ple was quite an exception to the rule, for it was free from car- 
bon, and, moreover, contained not a trace of silicon and man- 
ganese. The structure resembled that of the columnar iron al- 
ready referred to, with this difference, that the columns were 
much larger and were greatly curved. The microscope showed 
that they were enveloped with thin layers of phosphide of iron, 
and in their centres there existed small globular masses of the 
same substance, together with globules of sulphide of iron. 

The analyses of Ferryhill pig iron and of this curious for- 
mation are as follows: — 



Iron . 
Graphite . 
Combined carbon 
Manganese 
Silicon 
Sulphur . 
Phosphorus 
Oxygen, etc. 



Ferryhill Pig Iron 



Grey 



Per Cent 
91.10 

0.16 
0.66 

2.53 
0.06 

2.01 

0.12 

100.00 



White 



Per Cent 
92.90 

3.20 
0.25 
1. 10 
0.30 
2.10 
0.15 

100.00 



Sample 

from 

Furnace 

Hearth 



Per Cent 

91.06 
Nil 
Nil 
Nil 

0.32 
1.98 
0.64 

100.00 
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By crushing the sample to fine powder and removing the 
fine particles by sieving, the greater part of the brittle and easily 
crushed and free phosphides were removed. On treating the 
fine powder so removed with sulphuric acid, the sulphides were 
dissolved, together with that part of the iron which passed the 
sieve. The insoluble residue, consisting of a black powder and 
bright metallic particles, was separated into two parts by a m2i!g' 
net, the bright particles being attracted, the black powder re- 
maining behind. The metallic powder had the following com- 
position : — 

Per Cent 

Iron 84.00 

Phosphorus 15-41 

Not determined 0.59 

100.00 

It is practically pure phosphide of iron, FegP, proving the 
correctness of the microscopic observation. 

The iron portion which remained on the sieve had the fol- 
lowing composition: — 

Per Ceat 

Iron 98.20 

Sulphur 0.09 

Phosphorus 1.47 

Oxygen, etc. 0.24 

100.00 

Phosphorus as Fe^P 0.03 

Phosphorus in the columnar masses 1.44 

It is not certain that the iron which originally entered the 
hearth was grey or white, but it is immaterial in which state it 
was. It must have been fluid to get there at all, and if it was 
fluid at the temperature of the blast-furnace, after solidification 
it must have been carburctted, and contained not more than 
0.5 per cent of the phosphorus in solid solution, and about 1.5 
per cent as free or separate phosphide of iron. It is difficult to 
tmderstand how the metal was oxidized, but it appears probable 
that it was subjected to the action of water vapour, which would 
oxidize the manganese and silicon, and probably a portion of the 
carbon, when the metal was still in the fluid state. 
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the word " eutectic " to refer to a solidified '^mother liquor^'' 
that is, to a mixture which has a lower freezing-point tlmn any 
other of the series. The simplest case is a mixture of the l\vo 
. dissolved bodies A and B, the proportion of each that is present 
depending on their relative solubilities in each other. 

It happens, however, that in certain series of alloys the two 
constituent metals form a true compound which acts like a third 
body, and this forms a separate eutectic mixture with each of the 
two constituent metals. Each of these mixtures lias a definite 
composition and solidifies at a definite temperature, whatever 
may be the composition of the substances which " fall out '* from 
it and the temperature at which they " fall out/' 

It is convenient to call all such mixtures "eutectic " allovs. 
A case is presented by the following system : — ' 

The liquid which solidifies at the point c is a true eutectic, 
because the adjacent alloys, as indicated by the lines CA, en, arc 
less fusible than it is. The existence of other more fusible alloyn 



Pure A. .B.PuRC 




H«eb«si6«l mixiort of A Mid B« 

in the series would not affect his |io«»itioti ai» a eutectic ?i)loy, 
provided the lines ca and en \fCfih nhyjie upwanls. If, h^xwever, 
one of these lines (\(ye% not ftlopc up a.* in the leafl-fyyjypef i^efiefj, 
" Fourth Report to the A]](fy% Kewarrh O/mmittee of the lf>«;fi- 
tutioti of Mechanical Kngincer<*/' plate 7, Hi the pf^tif P, the 
alloy which solidifie?* J* not a true eiitedic, alfh^yfi^h it wftisj iit<^t 
so called for want of a better term. In the ctf^rfvet-k^i <^fk<i 
the line f>Fc h hfyrwjiut^l, an^l re\frt^ient% the si^MfWyickt'um frt 
one of the two cr>nja^ate Urjatdi* info which the f(«iy| ktUry <^^fk- 
rates. 

On reading the paper (4 Cyttthrie feieffe4 tf^ by Sif W. 
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Roberts-Austen, it is clear that he recognized that the eutectic 
proportions of the metal present had not necessarily any relation 
to their atomic weights, and says, " Of course in many cases, 
metals can be fused together in simple multiples of their atomic 
weights, but in most such cases, one of the metals will separate 
out first and so destroy the ratio." ..." When we are dealing 
with metals which, like antimony or arsenic, are themselves 
halogenous, or with such strongly chemico-positive metals as 
sodium, we may and do get alloys of atomic composition or 
metallo-metallic salts. But the temperature of fusion of these is 
never, so far as I am aware, lower than that of either (both) 
of the constituents; they are not eutectic." 
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This last sentence makes it clear that one property of a 
eutectic, according to Guthrie, is that its melting-point must be 
lower than that of the mean of the separate constituents. All 
of the instances quoted in his paper illustrate this second prin- 
ciple. 

Recognizing that certain metals may combine to form 
metallo-metallic salts, Guthrie, by inductive reasoning, con- 
cluded that in an alloy such salts might be formed, and that they 
would take the part of a free metal and form eutectic alloys 
with one or other of the constituents. He says, " The very 
bodies resulting from the chemical union of the two metals will 
possibly and probably furnish starting-points of new series of 
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eutectic alloys, consisting of a single metal on the one hand and 
the chemical alloy on the other/' 

Professor Guthrie prepared any given eutcctic by melting 
the metals and then allowing that metal which happened to be 
in excess to crystallize or fall out of solution, and when the 
greater part had become solid, the residual alloy which still re- 
mained fluid as a kind of " mother liquor " was poured off and 
allowed to set. This crude eutectic was remelted and allowed 
to partially solidify, and the mother liquor again poured off. 
The same treatment was repeatedly applied until the mother 
liquor invariably yielded the same constant comixjsition. Thi» 
alloy when solid, but for the contradiction in terms, might have 
been called a solidified mother liquor. Guthrie applied the term 
eutectic. 

A eutectic, then, must have the following prr7|>erti(rs and 
components : — 

1st. A solidifying and melting-point lower than that of the 
mean of the constituents. 

2nd. A single melting and solidifying point, 

3rd. It may consist of tw^o or more metaJ.^ whirh do nM 
unite chemically, or of a metal and a definite chemical (^mi(>^>iind, 
and possibly of two or more definite chemical annp(Ain(h, 

Recent research has f^hffwn that it may )>e efm9iiiiutefi a;^ 
follows : — 

4th. It may cotisist of a mixture of a »olJd MAiiium oi f/r^t 
metal in another and a free metaL 

5tli- It may crmtarn a ^Au\ s^j-ltiti^^n of a AtVimif-. cbemJ^al 
raetallo-metallic salt^ and that ftAtnt meMsAVst-tnt^Mr. i^alt m the 
free state, 

6tlL It may y^Mhly ry/mm oi t^^o 9tfAu\ ^AniUfU^. 

7th. Ia an (::xrjf:pium tfy the ^€twrral rule, znri rehte^ to the 
eutectic pearffte ^hicii h iryrtr\ed in <^Aul <^tee\ ^hen h r/x'^f:^ 
slowly from 7<or/ C ty> f^eUyw 4^^^'^ (t. h h a <^Ai4 <^)itfti')f)' ^ 
joor^ C fjdt ^Xit^ a5> mv> two- cr>t\^t'nuem-<^ f>^ t/Mffim%- 

8th, A ecetifxit: rra^ r/>nf4wn two ettteaic^^, C)t)e {f>fmeA ^ if<^ 
soli'iifyfn^ pTjicitr the ^^her cA pekriite ff/rrried or\' (^r^Mn^ ^xH^>^»' 
700 "" C Tl&e miore fvmhie pftft f4 white pi^ if^m, tree ffcjim 
phrj«iphnn<t atui hf^ m f*;i.rf>^>n, h ;%r» m<^;wi<*i*^ ^*f thi^. 
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Preparation of Eutectics 

The method of Guthrie is undoubtedly the best for making' 
the eutectic mixtures, but it necessitates using large quantities 
of the metals. The second in value is that in which the metal 
is poured into a cylindrical cast iron mould lined with loam, and 
after solidification is nearly complete, it is compressed by 
hydraulic pressure, and the eutectic squeezed out of a suitable 
opening. 

Sir W. Roberts-Austen has employed a similar plan to this. 
It is described in his Fourth Report on Alloys to the Institution 
of Mechanical Engineers, 1897. 

" The alloy under examination is placed in a steel cylinder, 
which is fitted with two loose steel plungers, each about jJ/^-inch 
diameter. The whole is placed between the jaws of a hydraulic 
press, and a pressure of about half a ton per square inch is main- 
tained on the ends of the plungers. The cylinder is then slowly 
heated, the temperature at any moment being measured by a 
thermo-couple, which is placed in a hole drilled in the cylinder. 
At a certain definite temperature part of the alloy will liquefy, 
and can be squeezed out between the plungers and the wall of 
the cylinder. The temperature is noted at which the alloy is 
sufficiently liquid to be extruded. The heat is then raised, and 
a further portion of the alloy can sometimes be separated. 
Finally, a comparatively infusible residue is left. These several 
portions are then analyzed. In some cases it is found to be desir- 
able to subject the extruded portion to a second treatment in the 
compressing cylinder." 

It was the hydraulic method I used in expressing the liquid 
eutectic from Cleveland iron, and it is the best in cases where a 
small quantity of the eutectic is in presence of a large mass of 
metal. 

A third method useful in such cases where the fusing-point 
of the alloy is under 500° C, and where only small quantities 
are available, has been employed with great advantage in my 
laboratory in preparing the eutectics of the fusible metals. 

The melted alloy is poured upon the surface of a sheet of 
flexible asbestos paper. When the mass has solidified to the 
consistency of a thick paste, a second sheet of asbestos is placed 
on the top of the metal, and a wooden ruler is rolled over the 
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plastic mass from the front in a forward direction. The eutectic 
is in this way squeezed out and runs as a fluid drop in front of 
the ruler leaving the solid metals behind. The crude eutectic 
so obtained is remelted and is again subjected to the same 
treatment. It is possible in this way to obtain the eutectic from 
10 grammes of alloy. 

The last method is that which I have used most extensivelv 
in the preparation of the eutectics containing two metals. It 
may be called the microscopic method. It is based upon the 
characteristic micro appearance of nearly all the eutectics, and 
on the statement of Guthrie, now generally recognized, that if 
one of the constituent metals is present in excess it will first 
solidify, leaving the residual eutectic to solidify at a lower tem- 
perature. The metal which falls out of the mother liquor is 
clearly seen in the micro section when it is properly polished and 
etched. It generally takes some clearly marked crystalline form. 

Having prepared several mixtures synthetically by melting 
the metals in several proportions, and allowing them to solidify 
slowly, pieces of each are cut, polished, etched, and examined. 
As a rule, it does not take more than ten minutes to prepare a 
specimen. A glance through the microscope reveals at once 
which specimen contains the greatest proportion of the eutectic 
and which metal is in excess. Several further alloys are then 
made approximating to this, but with diminishing proportions 
of the. metal known to be in excess. The resulting mixtures are 
examined, and probably one of them will be found to consist of 
pure eutectic, free from crystals or crystallites of either the con- 
stituent metals. A chemical analysis is then made to check the 
figures synthetically obtained. 

It often happens that in a series of alloys of two metals more 
than one eutectic is formed. A very simple method of detecting 
these, and also of obtaining the complete series of alloys in one 
single specimen, has been used with most satisfactory results in 
my researches. 

A small special mould, of fire clay, having a cavity 2 cm. 
deep and i cm. square, is heated to a temperature a little below 
the melting-point of the metal which is most infusible. The two 
metals are melted in separate crucibles, and a portion of that 
which has the highest gravity is poured into the mould, and 
when the lower part has solidified the second metal is poured 
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in drop by drop, the following drop being added when the metal 
in the mould has nearly solidified or become plastic. When 
the mould is filled, a cold metal plate is placed on the top to 
hasten solidification of the last portion of the metal added. 
When cold, if the experiment has been conducted properly, the 
one metal in the pure state will be found at the bottom and the 
other at the top, the metal between containing a complete grada- 
tion or series of alloys. One side of the little ingot is then 
polished, etched, and exarpined. The specimen so prepared con- 
stitutes a very perfect chart or map, and is the best guide to 
\vork from in making a systematic research of the alloys of any 
two metals, and if more than one eutectic is present it may be 
recognized by its characteristic appearance. 



Appendix II 

Solid Solution 

The term solid solution has been applied to cases, when, 
in the solidifying of two or more metals from the molten state, 
one or more of the metals is retained in the others, but in such 
a form that the highest power of the microscope is unable to 
detect it or them'. They crystallize in a form identical with or 
very closely approximating to that constituent which prepon- 
derates. In a true liquid solution of salt in water, no microscope 
can detect any of the constituents ; it appears to be homogeneous. 
Solid solutions of one metal in another are similar in that 
respect. 

Sir William Roberts-Austen has kindly given me his defini- 
tion of solid solution, which is as follows : — 

" A solid solution is a homogeneous mixture of two or more 
substances in the solid state. In metals, no one has as yet 
worked at non-crystalline mixtures, and solid solutions of metals 
when crystalline are solid ' isomorphous mixtures,' or * mixed 
crystals.' " 

This definition is a most concise one, and certainly appears 
to cover every kind of solid solution. 

There are, however, several kinds of solid solution: — 

1st. In which one metal, from an alloy in crystallizing, retains 
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a portion of the other homogeneously diffused throughout its 
whole crystalline mass. 

2nd. In which during crystallization the central portion of 
the crystals contains less of the dissolved metal than their ex- 
ternal boundaries. 

3rd. In which the metals form a definite chemical com- 
pound, which is retained in solid solution in the excess of the 
metal or metals. 

4th. In which the non-metallic elements form definite 
chemical compounds with a portion of the dissolving metal and 
that these remain in solid solution. 

The terms " isomorphous " and " mixed," as applied to 
crystals, have been and still are used synonymously and are 
synonymous with the term solid solution in metals. The term 
" mixed crystals " might lead to the erroneous idea that the 
crystals were mixed up together but remained independent. The 
term " isomorphous," according to (^®) Professor Bauerman, 
can only be strictly applied to mixtures of substances crystalliz- 
ing in the cubic system. 

There seems to be less objection to the term " solid solu- 
tion." It may be applied to crystallized or non-crystallized sub- 
stances, and conveys the meaning that the bodies in solution are 
as intimately associated as if they were in liquid solution, and 
that there is no separation of constituents when the fluid solu- 
tion passes into the solid solution. 

The expression " mixed crystals " is particularly to be 
avoided in metallurgical nomenclature, for the eutectics are 
described as eutectic mixtures, the term mixture in this case 
meaning an alloy or compound separated into two or more parts, 
whereas a so-called mixed crystal consists of a homogenous whole. 

As a rule, all metals and alloys are crystalline, therefore 
solid solutions of one or more metals in another may be ac- 
cepted as crystalline solid solutions. 

Appendix III 

Method for Determining Free Phosphide of Iron 

One gramme of drillings or powdered material is placed in 
a lo-oz. flask. This is placed in a large beaker containing 
water. About 70 c.c. of 1.20 nitric acid is suddenly poured 
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upon it. The flask is then removed and shaken up until the 
action of the nitric acid upon the iron has raised the tempera- 
ture until it is sensibly warm, i.e., not more than 20° C. The 
flask and contents during reaction must be violently agitated, so 
as to avoid any local heating, and as the reaction, unless checked, 
would result in temperatures considerably higher than 20°, the 
vessel must be agitated under a stream of nmning water so as to 
regulate it. A complete solution of the iron and dissolved phos- 
phide is generally effected in about two minutes. The flask 
with contents, at a temperature not exceeding 20° C, is allowed 
to stand on a table until no more gas is seen to arise from the 
residue at the bottom. This does not take more than two min- 
utes. The insoluble matter is then filtered off through filter 
paper, the residue rinsed on to the filter with cold distilled water, 
and the filter with contents is washed with cold water. The 
whole of the phosphorus existing in solid solution is by this 
treatment obtained in the filtrate, together with a small propor- 
tion of that existing as free phosphide of iron, whilst from 90 
per cent to 97 per cent of the free phosphide of iron is left in- 
soluble upon the filter. The filtrate is evaporated down to a 
small bulk or to drj-ness if silica is present, and the phosphorus 
determined in the usual way. The filter containing the insoluble 
phosphide is burned off in a platimmi crucible, dissolved in 
nitro-hydrochloric acid, and the phosphorus determined in the 
solution so obtained. 

On making practical trials to ascertain what effect i .20 nitric 
acid has upon pure phosphide of iron, it was found that the 
proportion dissolved depends upon the fineness of the particles 
of phosphide, and the length of time the acid acted upon it. and 
the temperature of the acid. But on treating even the finest 
powder in the manner described above, not more than 10 per 
cent was dissolved. \Miether the quantity of phosphide (of any 
given fineness) acted upon is great or small, provided there is 
always an excess of acid at the proper temperature, the pro- 
portion dissolved is constant. The following instances indicate 
this: — 

o.i and 04 grammes of phosphide were treated side by side 
under the conditions above named with 25 c.c. of 1.20 nitric acid 
at 20° C. In each case \he result was the same, 0.095 was left 
insoluble in the one case and 0.385 in the other, or 95 per cent 
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of the whole in each case. The influence of long-continued 
action is very pronounced, for i gramme of finely powdered 
phosphide left in contact with 1.20 nitric acid for twelve hours 
lost 20 per cent of its weight, but the residue was brightly 
metallic, and it was absolutely free from any decomposition 
products. An excessive quantity of acid, if employed, makes 
no difference provided the temperature and time elements re- 
main constant. 

In calculating the results of any analyses, allowance must be 
made for the solubility of the phosphide, and in the analyses 
given in this paper from 5 per cent to 10 per cent has been added 
to the phosphide actually found, according as the free phosphide 
was in a fine or relatively coarse state in the specimen examined. 

Almost all other reagents, such as hydrochloric acid, sul- 
phuric acid, chloride of copper or chloride of mercury, although 
they do leave more or less of the free phosphide insoluble, it is 
accompanied by a large proportion of the black decomposition 
product from the phosphide in solid solution. 

Probably previous investigators have been misled in their 
researches by want of knowledge of this important fact. ' 

In determining the free phosphide in presence of free car- 
bide by this method, the latter will be more or less left in the in- 
soluble condition, but that does not really matter, as the phos- 
phorus in the insoluble matter will only exist as free phosphide, 
and is calculated into that substance. 

Although the method leaves much to be desired and is far 
from perfect, it has rendered valuable aid in checking micro- 
scopic observations; for after considerable experience I have 
found, that whenever the microscope has shown that free phos- 
phide of iron is present, even though there be very slight traces, 
the method has confirmed the observation. 

It is important to ascertain, after the metals have been dis- 
solved in nitric acid, that the residue is magnetic, — that is, 
capable of being attracted by a magnet. If it is not attracted it 
cannot be Fe^P. 



Iron and Phosphorus 



355 



No. I — Table of Heat Tints 

With steadily rising temperatures 200® to 400® C. 



Pearlite 


* 

Iron 


Carbide of 


Phosphide of 


Sulphide of 


0.6% P. 0.75% C. 


Iron 


Iron 


Manganese 


White 


White 


White 


White, tinted 
yellow 


Pale lavender 


Very pale 


Do. 


Do. 


Do. 


Do. 


yellow 










Do. 


Do. 


Do. 


Do. 


, Do. 


Yellow 


Very pale 
yellow 


Do. 


Do. 


Do. 


Do. 


Do. 


Do. 


Do. 


Do. 


Yellow brown 


Yellow 


Very pale 
yellow 


Do. 


Do. 


Do. 


Do. 


Do. 


Do. 


Do. 


Brown 


Yellow brown 


Do. 


Do. 


Do. 


Do. 


Do. 


Do. 


Do. 


Do. 


Red purple 


Brown 


Yellow 


Very pale 
yellow 


Pale yellow 


Purple 


Red purple 


Yellow brown 


Do. 


Do. 


Blue 


Purple 


Do. 


Pale yellow 


Do. 


Do. 


Blue 


Brown 


Yellow 


Do. 


Pale blue 


Do. 


Do. 


Salmon 


Do. 


Do. 


Pale blue 


Red brown 


Heliotrope 


Brownish white 


Do. 


Do. 


Red purple 


Greenish 


Do. 


Pale pea-green 


Do. 


Purple 


Yellow 


Do. 


Do. 


Pale pea-green 


Blue 


Do. 


Do. 


Pale yellow 


Pale yellow 








White 


White 









The above table gives a good idea of the changes in colour 
with steadily rising temperatures. 

The results obtained by heating at fixed temperatures yielded 
still more valuable results. The following observations were 
made by heating the same piece of metal as was previously used 
after repolishing, together with pieces of carbide of iron, phos- 
pphide of iron, and pure iron. They were placed side by side on 
a fluid bath of metallic tin, the temperature of which was regu- 
lated by a pyrometer. 

No. 2 — Table of Heat Tints 

Temperature 232° C. throughout. 



4 
10 



T mm. 

<< 



II 



Pearlite 

0.6% P. 0.75% C. 



Very pale yellow 

Yellowish brown 

Do. 



Iron 



White 

Very pale yellow 

Darker yellow 



Carbide of 
Iron 



Very pale yellow 

Pale yellow 

Do. 



Phosphide of 
Iron 



White 
Do. 
Do. 
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No. 3 — Table of Heat Tints 

At constant temperature of 280° C. 



I 


mm. . 


2 


»« 


3 


«i 


4 


it 


6 


it 


II 


«< 


'5 


« 


30 


(1 



Pearl ite 

o.6%P. o.75%C. 

Brown 

Purple 

Deep purple 

Blue 

Do. 

Do. 

Pale blue 

Paler blue 



Iron 



Carbide of 
Iron 



Phosphide of 
Iron 



1 Yellow 


Brownish yellow White 


Red brown 


Do. Do. 


Brown 


Do. Do. 


Purple red 


Do. Very pale yellow 


Purple 


Orange brown Pale yellow 


Blue 


Red brown j Pale salmon 


Do. 


Burnt sienna red' Do. 


Paler blue 

1 


Purple brown ; Heliotrope 



No. 4 — Table of Heat Tints 

At constant temperature of 326° C. 





1 

Pearlite 


Iron 


Carbide of 
Iron 


Phosphide of 
Iron 


1 min. 

2 " 

3 *• 


I*urple red 

Deep blue 

Do. 


Red 

Purple red 

Do. 


Yellow brown 

Red brown 

Do. 


Very pale yellow 

Pale yellow 

Do. 


4 " 


Do. 


Do. 


Do. 


Do. 


5 *• 

6 " 


Do. 
Paler blue 


Deep blue 
Lighter blue 


Do. 
Purple red 


P^Ie salmon 
Salmon 


7 " 

8 •* 


Pale sea-green 
Do. 


Very pale blue 
Do. 


Purple 
Do. 


Do. 
Do. 


9 " 
10 " 


Pale yellow 

Do. 

1 


Do. , 
Do. 


Do. 
Do. 


Purple 
Heliotrope 



In high carbon steels and white irons the free phosphide is 
always accompanied by cementite or carbide of iron, and it is 
easy to distinguish them by heating to 280° C. for ten to fifteen 
minutes. After such treatment the cementite will be red brown 
after each heating, whilst the phosphide will be pale yellow after 
ten minutes' heating, and salmon color after fifteen minutes. 
On continuing the heating, the blue at first assumed by the phos- 
phide of iron is quite different from that of any of the other 
constituents. It may be described as heliotrope in tint. 

When no cemetite is pfCfcat> it is advisable to heat at 280° 
C. along with specHoeii cHpi^ilf jphosphide and white Swedish 
pig iron and pore sran, an(|j|fittch the tints on these three indica- 
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tors. As soon as the white iron has assumed a brown color, the 
phosphide a pale yellow or salmon tint, and the iron a fine blue, 
the specimen is at once removed and examined for the phosphide 
of iron. 

It has not been exactly determined what the effect is of 
varying quantities of dissolved silicide of iron. That it does 
make a great difference has been proved, a fact which must be 
kept in view in examining high silicon pig irons. 

The effect of chromium, aluminium, manganese, nickel, and 
tungsten in determining the tints has not yet been ascertained. 

Some alloys contain a fusible constituent which melts and 
exudes from the surface before any oxidation can take place, 
therefore oxygen is not available in such cases. Different tints, 
however, can be obtained by heating these alloys at low tem- 
peratures in an atmosphere containing slight traces of iodine, 
bromine, or hydric sulphide. In using these reagents the 
specimen is heated in a box fitted with a glass lid, and air which 
has passed over iodine, or which contains traces of bromine or 
HjS, is forced over the hot metal. The constituents then color 
differently, and may be distinguished from each other. 

The general method of tinting the specimens when they are 
heated may conveniently be called the " Heat Tinting Process," 
and the chemical symbol of the particular reagent used may be 
added as prefix, thus: — 



tinting (O) 


oxidation films 


; being 


formed. 


« 


(I) iodide 


t< 


« 


« 


(Br) 


bromide 


<i 


(i 


(( 




sulphide 


t< 


(( 



In marking the microscope slides the following abbreviations 
may be used : — 

HT(0), HT(I), HT(Br), HT(H2S). 

Special precautions are necessary in preparing the polished 
surfaces. If, after leaving the polishing block, they are at once 
heated till the tints appear, they will not be true, as the moisture 
in the porosities, when it evaporates, will affect the surface. It 
is necessary to make a preliminary heating to about 120° C, and 
remove from the source of heat, and rub it whilst hot on a clean 
dry hair buff or piece of flannel. It is then at once re-heated 
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to the proper temperature, and as soon as the tints have developed 
it is placed at once on a bath of mercury to cool it rapidly and 
avoid further change. 



Special Electrical Apparatus for " Heat Tinting " 

By arrangements such as have already been described, the 
tinting can be done under the microscope by the flame of a 
spirit-lamp, but the stage becomes highly heated, which is very 
objectionable. I have, therefore, devised a simple electric heater, 
which can be placed on the microscope stage, and the progress 
of the tinting observed. The following description, with the 
assistance of the accompanying sketch, will make the construction 
of the apparatus intelligible. 

The bed is of ebonite, and on this two strips of brass are 
screwed, one on each side of the upper surface. To these are 
attached the binding screws AA. 

The carrier consists of a small i-inch porcelain capsule, on 
two opposite sides of which a closely fitting sheath of brass is 
secured. These, when it is placed in position, form the contacts 
with the two conducting brass strips on the bed. 

The bottom of this capsule is filled with magnesia made 
plastic with a solution of chloride of mag^esiimi. A platinum 
spiral is bedded upon this, and the terminals connected to the 
brass sheaths. Over the wire is painted a thin layer of silica 
paint, made by mixing silicate of soda and silica to the consist- 
ency of a thin paste, after which the apparatus is ready for use. 

The porous magnesia under the wire is a good non-con- 
ductor, and practically no heat passes to the microscope stage. 

The capsule is quite loose, and can be removed from its 
bed or swivelled to any angle, so that a specimen placed upon 
it can always be made to have its polished surface parallel with 
the stage. 

The current can be switched off as soon as the proper tint- 
ing is obtained. 

This simple apparatus will no doubt be found to be very 
useful where there is a supply of electricity. 
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